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MULTIPOTENT ADULT STEM CELLS AND
METHODS FOR ISOLATION

Portions of the present invention were made with support
of the United States Government via a grant from the
National Institutes of Health/National Institute of Allergy
and Infectious Diseases to Morayama Reyes under grant
number 1F31AI-Gnl0291. The U.S. Government may

therefore have certain rights in the invention.

FIELD OF THE INVENTION

The mvention relates generally to methods for 1solation of
stem cells, cells 1solated by the methods, and therapeutic
uses for those cells. More specifically, the mvention relates
to 1solated marrow-derived progenitor cells which have the
potential to differentiate to form cells of a variety of cell
lineages, as well as methods for 1solating the cells and for
inducing specific differentiation of the cells 1solated by the
method, and specific markers that are present 1n these cells
such as proteins and transcription factors.

BACKGROUND OF THE INVENTION

Organ and tissue generation from stem cells and their
subsequent transplantation provide promising treatments for
a number of pathologies, making stem cells a central focus
of research in many fields. Using stem cells for generation
of organs and tissues for transplantation provides a prom-
1sing alternative therapy for diabetes, Parkinson’s disease,
liver disease, heart disease, and autoirmmune disorders, to
name a few. However, there are at least two major problems
associated with organ and tissue transplantation. First, there
1s a shortage of donor organs and tissues. As few as S percent
of the organs needed for transplant in the United States along
ever become available to a recipient. (Evans, et al., J. Am.

Med. Assoc. (1992) 2677: 239-246.) According to the Ameri-
can Heart Association, only 2,300 of the 40,000 Americans
who needed a new heart in 1997 received one, and the

American Liver Foundation reports that there are fewer than
3,000 donors for the nearly 30,000 patients who die each
year from liver failure. The second major problem 1s the
potential mncompatibility of the transplanted tissue with the
immune system of the recipient. Because the donated organ
or tissue 1s recognized by the host immune system as
foreign, anti-rejection medications must be provided to the
patient at a sigmificant cost-both financially and physically.

Xenotransplantation, or transplantation of tissue or organs
from another species, could provide an alternative means to
overcome the shortage of human organs and tissues. Xeno-
transplantation would offer the advantage of advanced plan-
ning of the transplant, allowing the organ to be harvested
while still healthy and allowing the patient to undergo any
beneficial pretreatment prior to transplant surgery. Unfortu-
nately, xenotransplantation does not overcome the problem
ol tissue incompatibility, but instead exacerbates 1t. Further-
more, according to the Centers for Disease Control, there 1s
evidence that damaging viruses cross species barriers. Pigs
have become likely candidates as organ and tissue donors,
yet cross-species transmission of more than one virus from
pigs to humans has been documented. For example, over a
million pigs were recently slaughtered 1n Malaysia 1 an
eflort to contain an outbreak of Hendra virus, a disease that
was transmitted to more than 70 humans with deadly results.

(Butler, D., Nature (1999) 398: 549.)
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Stem Cells: Definition and Use

The most promising source of organs and tissues for
transplantation therefore lies in the development of stem cell
technology. Theoretically, stem cells can undergo self-re-
newing cell division to give rise to phenotypically and
genotypically 1dentical daughters for an indefinite time and
ultimately can diflferentiate into at least one final cell type.
By generating tissues or organs irom a patient’s own stem
cells, or by genetically altering heterologous cells so that the
recipient immune system does not recognize them as for-
eign, transplant tissues can be generated to provide the
advantages associated with xenotransplantation without the
associated risk of infection or tissue rejection.

Stem cells also provide promise for improving the results
of gene therapy. A patient’s own stem cells could be geneti-
cally altered in vitro, then reintroduced 1n vivo to produce a
desired gene product. These genetically altered stem cells
would have the potential to be induced to differentiate to
form a multitude of cell types for implantation at specific
sites 1n the body, or for systemic application. Alternately,
heterologous stem cells could be genetically altered to
express the recipient’s major histocompatibility complex
(MHC) antigen, or no MHC, to allow transplant of those
cells from donor to recipient without the associated risk of
rejection.

Stem cells are defined as cells that have extensive, some
would say indefinite, proliferation potential that differentiate
into several cell lineages, and that can repopulate tissues
upon transplantation. The quintessential stem cell 1s the
embryonal stem (ES) cell, as 1t has unlimited self-renewal
and multipotent differentiation potential. These cells are
derived from the mnner cell mass of the blastocyst, or can be
derived from the primordial germ cells from a post-implan-
tation embryo (embryonal germ cells or EG cells). ES and
EG cells have been derived from mouse, and more recently
also from non-human primates and humans. When 1intro-
duced into mouse blastocysts or blastocysts of other ani-
mals, ES cells can contribute to all tissues of the mouse
(animal). When transplanted in post-natal animals, ES and
EG cells generate teratomas, which again demonstrates their
multipotency. ES (and EG) cells can be identified by positive
staining with the antibodies SSEA1 and SSEAA4.

At the molecular level, ES and EG cells express a number
ol transcription factors highly specific for these undiiferen-
tiated cells. These include oct-4 and Rex-1. Also found are
the LIF-R and the transcription factors sox-2 and Rox-1,
cven though the latter two are also expressed 1 non-ES
cells. oct-4 1s a transcription factor expressed in the pregas-
trulation embryo, early cleavage stage embryo, cells of the
inner cell mass of the blastocyst, and 1n embryonic carci-
noma (EC) cells. oct-4 1s down-regulated when cells are
induced to differentiate in vitro and 1n the adult animal oct-4
1s only found in germ cells. Several studies have shown that
oct-4 1s required for maintaining the undifferentiated phe-
notype of ES cells, and plays a major role in determining
carly steps in embryogenesis and diflerentiation. oct-4, 1n
combination with Rox-1, causes transcriptional activation of
the Zn-finger protein Rex-1, and 1s also required for main-
tamning ES 1n an undifferentiated state. Likewise, sox-2, 1s
needed together with oct-4 to retain the undifferentiated state
ofES/EC and to maintain murine (but not human) ES cells.
Human or murine primordial germ cells require presence
ofLIF. Another hallmark ofES cells 1s presence of telom-
erase, which provides these cells with an unlimited seli-
renewal potential 1n vitro.

Stem cells have been 1dentified 1n most organ tissues. The
best characterized 1s the hematopoietic stem cell. This 1s a
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mesoderm-derived cell that has been purified based on cell
surface markers and functional characteristics. The
hematopoietic stem cell, 1solated from bone marrow, blood,
cord blood, fetal liver and volk sac, 1s the progenitor cell that
reimitiates hematopoiesis for the life of a recipient and

generates multiple hematopoietic lineages (see Fei, R., et al.,
U.S. Pat. No. 5,635,387; McGlave, et al., U.S. Pat. No.

5,460,964, Simmons, P., et al., U.S. Pat. No. 5,677,136;
Tsukamoto, et al., U.S. Pat. No. 5,750,397, Schwartz, et al.,
U.S. Pat. No. 759,793, DiGuisto, et al., U.S. Pat. No.
5,681,599: Tsukamoto, et al., U.S. Pat. No. 5,716,827 Hill,
B., et al., Exp. Hematol. (1996) 24 (8): 936-943). When
transplanted into lethally irradiated animals or humans,
hematopoietic stem cells can repopulate the erythroid, neu-
trophil-macrophage, megakaryocyte and  lymphoid
hemopoietic cell pool. In vitro, hemopoietic stem cells can
be 1mnduced to undergo at least some self-renewing cell
divisions and can be induced to differentiate to the same
lineages as 1s seen 1n vivo. Therefore, this cell fulfills the
criteria of a stem cell. Stem cells which differentiate only to
form cells of hematopoietic lineage, however, are unable to
provide a source of cells for repair of other damaged tissues,
for example, heart or lung tissue damaged by high-dose
chemotherapeutic agents.

A second stem cell that has been studied extensively is the
neural stem cell (Gage F H: Science 287:1433-1438, 2000;

Svendsen C N et al, Brain Path 9:499-513, 1999; Okabe
Setal, Mech Dev 59:89-102, 1996). Neural stem cells were
initially identified 1n the subventricular zone and the olfac-
tory bulb of fetal brain. Until recently, 1t was believed that
the adult brain no longer contained cells with stem cell
potential. However, several studies in rodents, and more
recently also non-human primates and humans, have shown
that stem cells continue to be present 1n adult brain. These
stem cells can proliferate in vivo and continuously regen-
erate at least some neuronal cells 1n vivo. When cultured ex
vivo, neural stem cells can be induced to proliferate, as well
as to differentiate into different types of neurons and glial
cells. When transplanted 1nto the brain, neural stem cells can
engrait and generate neural cells and glial cells. Therefore,
this cell too fulfills the definition of a stem cell.
Mesenchymal stem cells (MSC), originally derived from
the embryonal mesoderm and 1solated from adult bone
marrow, can differentiate to form muscle, bone, cartilage,
fat, marrow stroma, and tendon. During embryogenesis, the
mesoderm develops mto limb-bud mesoderm, tissue that
generates bone, cartilage, fat, skeletal muscle and possibly
endothelium. Mesoderm also diflerentiates to visceral meso-
derm, which can give rise to cardiac muscle, smooth muscle,
or blood 1slands consisting of endothelium and hematopoi-
etic progenitor cells. Primitive mesodermal or mesenchymal
stem cells, therefore, could provide a source for a number of
cell and tissue types. A third tissue specific cell that has been
named a stem cell 1s the mesenchymal stem cell, nitially
described by Fridenshtein (Fridenshtein, Arkh. Patol., 44:3-
11, 1982). A number of mesenchymal stem cells have been
1solated (see, for example, Caplan, A., et al., U.S. Pat. No.
5,486,359; Young, H., et al.,, U.S. Pat. No. 5,827,735;
Caplan, A., et al., U.S. Pat. No. 5,811,094; Bruder, S., et al.,
U.S. Pat. No. 3,736,396; Caplan, A., et al., U.S. Pat. No.
5,837,539; Masinovsky, B., U.S. Pat. No. 5,837,670; Pit-
tenger, M., U.S. Pat. No. 35,827,740; Jaiswal, N., et al., J.
Cell Biochem. (1997) 64(2): 295-312; Cassiede P, et al., J.
Bone Miner. Res. (1996) 11(9): 1264-12773; Johnstone, B., et
al., (1998) 238(1): 265-272; Yoo, et al., J. Bone Joint Surg.
Am. (1998) 80(12): 1745-1757; Gronthos, S., Blood (1994)
84(12): 4164-4173; Makino, S., etal., J. Clin. Invest. (1999)
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4

103(5): 697-705). Of the many mesenchymal stem cells that
have been described, all have demonstrated limited differ-
entiation to form only those differentiated cells generally
considered to be of mesenchymal origin. To date, the most
multipotent mesenchymal stem cell reported 1s the cell
isolated by Pittenger, et al., which expresses the SH2™ SH4™
CD29" CD44™ CD71" CD90" CD106" CD120a™ CD124~
CD14~ CD34™ CD45™ phenotype. This cell 1s capable of
differentiating to form a number of cell types of mesenchy-
mal origin, but 1s apparently limited 1n differentiation poten-
tial to cells of the mesenchymal lineage, as the team who
1solated 1t noted that hematopoietic cells were never 1den-
tified 1n the expanded cultures. (Pittenger, et al., Science
(1999) 284: 143-147.)

Other stem cells have been 1dentified, including gastro-
intestinal stem cells, epidermal stem cells, and hepatic stem
cells, also termed oval cells (Potten C, Philos Trans R Soc
L.ond B Bio1 Sc1 353:821-30, 1998; Watt F, Philos. Trans R
Soc Lond B Biol Sc1 353:831, 1997; Alison Metal, Hepato
129:6°78-83, 1998). Most of these are less well character-
1zed.

Compared with ES cells, tissue specific stem cells have
less self-renewal ability and, although they differentiate into
multiple lineages, they are not multipotent. No studies have
addressed whether tissue specific cells express markers
described above of ES cells. In addition, the degree of
telomerase activity in tissue specific stem cells has not been
tully explored, 1n part because large numbers of highly
enriched populations of these cells are diflicult to obtain.

Until recently, 1t was thought that organ specific stem cells
could only differentiate into cells of the same tissue. A
number of recent publications have suggested that adult
organ specilic stem cells may be capable of differentiating
into cells of different tissues. A number of studies have
shown that cells transplanted at the time of a bone marrow
transplant can diflerentiate into skeletal muscle (Ferrari
Science 279:528-30, 1998: Gussoni Nature 401:390-4,
1999). This could be considered within the realm of possible
differentiation potential of mesenchymal cells that are pres-
ent in marrow. Jackson published that muscle satellite cells
can differentiate into hemopoietic cells, again a switch 1n
phenotype within the splanchnic mesoderm (Jackson PNAS
USA 96:14482-6, 1999). Other studies have shown that stem
cells from one embryonal layer (for instance splanchnic
mesoderm) can differentiate into tissues thought to be
derived during embryogenesis from a different embryonal
layer. For instance, endothelial cells or their precursors
detected 1n humans or ammals that underwent marrow
transplantation are at least 1n part derived from the marrow
donor (Takahashi, Nat Med 5:434-8, 1999; Lin, Clin Invest
105:71-7, 2000). Thus, visceral mesoderm and not splanch-
nic mesoderm, such as MSC, derived progeny are trans-
terred with the infused marrow. Even more surprising are the
reports demonstrating both 1n rodents and humans that
hepatic epithelial cells and biliary duct epithelial cells are
derived from the donor marrow (Petersen, Science 284:
1168-1170, 1999; Theise, Hepatology 31:235-40, 2000;
Theise, Hepatology 32:11-6, 2000). Likewise, three groups
have shown that neural stem cells can differentiate into
hemopoietic cells. Finally, Clarke et al. reported that neural
stem cells 1njected into blastocysts can contribute to all
tissues of the chimeric mouse (Clarke, Science 288:1660-3,
2000).

It 1s necessary to point out that most of these studies have
not conclusively demonstrated that a single cell can differ-
entiate 1nto tissues of different organs. Indeed most mnves-
tigators did not 1dentily the phenotype of the mitiating cell.
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An exception 1s the study by Weissman and Grompe, who
showed that cells that repopulated the liver were present 1n

Lin-Thy,LowSca,™ marrow cells, which are highly enriched
in hematopoietic stem cells. Likewise, the Mulligan group
showed that marrow Sp cells, highly enriched for HSC, can
differentiate into muscle and endothelium, and Jackson et al.
showed that muscle Sp cells are responsible for hemopoietic
reconstitution (Gussoni et al., Nature 401:390-4, 1999).

Transplantation of tissues and organs generated from
heterologous embryonic stem cells requires either that the
cells be further genetically modified to inhibit expression of
certain cell surface markers, or that the use of chemothera-
peutic 1mmune suppressors continue 1 order to protect
against transplant rejection. Thus, although embryonic stem
cell research provides a promising alternative solution to the
problem of a limited supply of organs for transplantation, the
problems and risks associated with the need for immuno-
suppression to sustain transplantation of heterologous cells
or tissue would remain. An estimated 20 immunologically
different lines of embryonic stem cells would need to be
established in order to provide immunocompatible cells for
therapies directed to the majority of the population (Wad-
man, M., Nature (1999) 398: 551).

Using cells from the developed individual, rather than an
embryo, as a source of autologous or allogeneic stem cells
would overcome the problem of tissue incompatibility asso-
ciated with the use of transplanted embryonic stem cells, as
well as solve the ethical dilemma associated with embryonic
stem cell research. The greatest disadvantage associated
with the use of autologous stem cells for tissue transplant
thus far lies 1n therr limited differentiation potential. A
number of stem cells have been isolated from fully-devel-
oped organisms, particularly humans, but these cells,
although reported to be multipotent, have demonstrated
limited potential to differentiate to multiple cell types.

Thus, even though stem cells with multiple differentiation
potential have been 1solated previously by others and by the
present inventors, a progenitor cell with the potential to
differentiate mto a wide vaniety of cell types of different
lineages, including fibroblasts, osteoblasts, chondrocytes,
adipocytes, skeletal muscle, endothelium, stroma, smooth
muscle, cardiac muscle and hemopoietic cells, has not been
described. If cell and tissue transplant and gene therapy are
to provide the therapeutic advances expected, a stem cell or
progenitor cell with the greatest or most extensive difleren-
tiation potential 1s needed. What 1s needed 1s the adult
equivalent of an embryonic stem cell.

SUMMARY OF THE INVENTION

The present mvention provides an isolated multipotent
mammalian stem cell that 1s surface antigen negative for
CD44, CD435, and HLA Class I and II. The cell may also be
surface antigen negative for CD34, Mucl8, Stro-1, HLA-
class-1 and may be positive for oct3/4 mRNA, and may be
positive for hTRT mRNA. In particular, the cell may be
surface antigen negative for CD31, CD34, CD36, CD38,
CD45, LD30, CD62E and CD62P, HLA-DR, Muc18, STRO-
1, cKit, Tie/'Tek, CD44, HLA-class 1 and 2-microglobulin
and 1s positive for CD10, CD13, CD49b, CD49¢, CDw90,
Flk1, EGF-R, TGF-R1 and TGF-R2, BMP-R1A, PDGF-R1a
and PDGF-R1b. The present invention provides an 1solated
multipotent non-embryonic, non-germ cell line cell that
expresses transcription factors oct3/4, REX-1 and ROX-1. It
also provides an isolated multipotent cell derived from a
post-natal mammal that responds to growth factor LIF and
has receptors for LIF.
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The cells of the present invention described above may
have the capacity to be induced to differentiate to form at
least one differentiated cell type of mesodermal, ectodermal
and endodermal origin. For example, the cells may have the
capacity to be induced to differentiate to form cells of at least
osteoblast, chondrocyte, adipocyte, {fibroblast, marrow
stroma, skeletal muscle, smooth muscle, cardiac muscle,
endothelial, epithelial, hematopoietic, glial, neuronal or oli-
godendrocyte cell type. The cell may be a human cell or a
mouse cell. The cell may be from a fetus, newborn, child, or
adult. The cell may be derived from an organ, such as from
marrow, liver or brain.

The present invention further provides differentiated cells
obtained from the multipotent adult stem cell described
above, wherein the progeny cell may be a bone, cartilage,
adipocyte, fibroblast, marrow stroma, skeletal muscle,
smooth muscle, cardiac muscle, endothelial, epithelial,
endocrine, exocrine, hematopoietic, glial, neuronal or oli-
godendrocyte cell. The differentiated progeny cell may be a
skin epithelial cell, liver epithelial cell, pancreas epithelial
cell, pancreas endocrine cell or 1slet cell, pancreas exocrine
cell, gut epithellum cell, kidney epithelium cell, or an
epidermal associated structure (such as a hair follicle). The
differentiated progeny cell may form soft tissues surround-
ing teeth or may form teeth.

The present invention provides an 1solated transgenic
multipotent mammalian stem cell as described above,
wherein genome of the cell has been altered by 1nsertion of
preselected 1solated DNA, by substitution of a segment of
the cellular genome with preselected 1solated DNA, or by
deletion of or mactivation of at least a portion of the cellular
genome. This alteration may be by viral transduction, such
as by insertion of DNA by viral vector integration, or by
using a DNA virus, RNA virus or retroviral vector. Alter-
natively, a portion of the cellular genome of the isolated
transgenic cell may be nactivated using an antisense nucleic
acid molecule whose sequence 1s complementary to the
sequence of the portion of the cellular genome to be inac-
tivated. Further, a portion of the cellular genome may be
iactivated using a ribozyme sequence directed to the
sequence of the portion of the cellular genome to be 1nac-
tivated. The altered genome may contain the genetic
sequence of a selectable or screenable marker gene that 1s
expressed so that the progenitor cell with altered genome, or
its progeny, can be diflerentiated from progenitor cells
having an unaltered genome. For example, the marker may
be a green, red, yellow fluorescent protein, Beta-gal, Neo,
DHFR™, or hygromycin. The cell may express a gene that
can be regulated by an inducible promoter or other control
mechanism to regulate the expression of a protein, enzyme
or other cell product.

The present mvention provides a cell that may express
high levels of telomerase and may maintain long telomeres
alter extended 1n vitro culture, as compared to the telomeres
from lymphocytes from the same donors. The telomeres may
be about 11-16 KB 1n length after extended 1n vitro culture.
The present invention provides a cell differentiation solution
comprising factors that modulate the level of oct3/4 expres-
sion for promoting continued growth or differentiation of
undifferentiated multipotent stem cells.

The present mvention provides a method for isolating
multipotent adult stem cells (MASC). The method 1nvolves
depleting bone marrow mononuclear cells of CD45™ glyco-
phorin A" cells, recovering CD45~ glycophorin A-cells,
plating the recovered CD45 glycophorin A~ cells onto a
matrix coating, and culturing the plated cells 1n media
supplemented with growth factors. The step of depleting
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may involved negative selection using monoclonal or poly-
clonal antibodies. The growth factors may be chosen from
PDGF-BB, EGF, IGF, and LIF. The last step may further
involve culturing 1n media supplemented with dexametha-
sone, linoleic acid, and/or ascorbic acid.

The present mvention provides a culture method for
isolating multipotent adult stem cells mvolving adding the
cells to serum-1iree or low-serum medium contaiming 1nsulin,
selenium, bovine serum albumin, linoleic acid, dexametha-
sone, and platelet-derived growth factor. The serum-1iree or
low-serum medium may be low-glucose DMEM 1n admix-
ture with MCDB. The 1nsulin may be present at a concen-
tration of from about 10 to about 50 ug/ml. The serum-iree
or low-serum medium may contain an effective amount of
transferrin at a concentration of greater than O but less than
about 10 ug/ml, the selentum may be present at a concen-
tration of about 0.1 to about 5 pug/ml, the bovine serum
albumin may be present at a concentration of about 0.1 to
about 5 ng/ml, the linoleic acid may be present at a con-
centration ol about 2 to about 10 ng/m, and the dexametha-
sone may be present at a concentration of about 0.005 to
0.15 uM. The serum-iree medium or low-serum medium
may contain about 0.05-0.2 mM L-ascorbic acid. The serum-
free medium or low-serum medium may contain about 5 to
about 15 ng/ml platelet-derived growth factor, 5 to about 15
ng/ml epidermal growth factor, 5 to about 15 ng/ml 1nsulin-
like growth factor, 10-10,000 IU leukemia inhibitory factor.
The present invention further provides a cultured clonal
population of mammalian multipotent adult stem cells 1s0-
lated according to the above-described method.

The present invention provides a method to permanently
and/or conditionally immortalize MASC dernived cells and
differentiated progeny by ftransierring telomerase into
MASC or differentiated progeny.

The present invention provides a method to reconstitute
the hematopoietic and 1mmune system of a mammal by
administering to the mammal fully allogenic multipotent
stem cells (MASC), dertved hematopoietic stem cells, or
progenitor cells to induce tolerance in the mammal for
subsequent multipotent stem cell derived tissue transplants
or other organ transplants.

The present mvention provides a method of expanding
undifferentiated multipotent stem cells into differentiated
hair follicles by administering appropriate growth factors,
and growing the cells.

The present mvention provide numerous uses for the
above-described cells. For example, the invention provides
a method of using the 1solated cells by performing an 1n
utero transplantation of a population of the cells to form
chimerism of cells or tissues, thereby producing human cells
in prenatal or post-natal humans or animals following trans-
plantation, wherein the cells produce therapeutic enzymes,
proteins, or other products in the human or animal so that
genetic defects are corrected. The present invention also
provides a method of using the cells for gene therapy 1n a
subject 1 need of therapeutic treatment, 1nvolving geneti-
cally altering the cells by introducing into the cell an 1solated
pre-selected DNA encoding a desired gene product, expand-
ing the cells i culture, and introducing the cells mto the
body of the subject to produce the desired gene product.

The present mmvention provides a method of repairing
damaged tissue 1n a human subject 1n need of such repair by
expanding the i1solated multipotent adult stem cells 1n cul-
ture, and contacting an eflective amount of the expanded
cells with the damaged tissue of said subject. The cells may
be introduced into the body of the subject by localized
injection, or by systemic injection. The cells may be 1ntro-
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duced into the body of the subject 1n conjunction with a
suitable matrix implant. The matrix implant may provide
additional genetic material, cytokines, growth factors, or
other factors to promote growth and differentiation of the
cells. The cells may be encapsulated prior to introduction
into the body of the subject, such as within a polymer
capsule.

The present invention provides a method for inducing an
immune response to an nfectious agent in a human subject
involving genetically altering an expanded clonal population
of multipotent adult stem cells in culture express one or
more pre-selected antigenic molecules that elicit a protective
immune response against an infectious agent, and introduc-
ing 1nto the subject an amount of the genetically altered cells
cllective to i1nduce the immune response. The present
method may further involve, prior to the second step, the
step of differentiating the multipotent adult stem cells to
form dendritic cells.

The present invention provides a method of using MASCs
to 1dentily genetic polymorphisms associated with physi-
ologic abnormalities, involving 1solating the MASCs from a
statistically significant population of individuals from whom
phenotypic data can be obtained, culture expanding the
MASCs from the statistically significant population of 1ndi-
viduals to establish MASC cultures, 1dentifying at least one
genetic polymorphism in the cultured MASCs, inducing the
cultured MASC:s to differentiate, and characterizing aberrant
metabolic processes associated with said at least one genetic
polymorphism by comparing the differentiation pattern
exhibited by an MASC having a normal genotype with the
differentiation pattern exhibited by an MASC having an
identified genetic polymorphism.

The present mvention further provides a method for
treating cancer 1n a mammalian subject imvolving geneti-
cally altering multipotent adult stem cells to express a
tumoricidal protein, an anti-angiogenic protein, or a protein
that 1s expressed on the surface of a tumor cell 1n conjunc-
tion with a protein associated with stimulation of an immune
response to antigen, and mtroducing an effective anti-cancer
amount of the genetically altered multipotent adult stem
cells mto the mammalian subject.

The present invention provides a method of using MASCs
to characterize cellular responses to biologic or pharmaco-
logic agents mnvolving 1solating MASCs from a statistically
significant population of individuals, culture expanding the
MASCs from the statistically significant population of 1ndi-
viduals to establish a plurality of MASC cultures, contacting
the MASC cultures with one or more biologic or pharma-
cologic agents, 1dentitying one or more cellular responses to
the one or more biologic or pharmacologic agents, and
comparing the one or more cellular responses of the MASC
cultures from 1individuals 1n the statistically significant popu-
lation.

The present invention also provides a method of using
specifically differentiated cells for therapy comprising
administering the specifically differentiated cells to a patient
in need thereof. It further provides for the use of genetically
engineered multipotent stem cells to selectively express an
endogenous gene or a transgene, and for the use of MASCs
grown 1 vivo for transplantation/administration nto an
amimal to treat a disease. For example, neuroretinal cells
derived from multipotent stem or MASCs can be used to
treat blindness caused by among other things but not limited
to neuroretinal disease caused by among other things macu-
lar degeneration, diabetic retinopathy, glaucoma, retinitis
pigmentosa. The cells can be used to engraft a cell into a
mammal comprising administering autologous, allogenic or
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xenogenic cells, to restore or correct tissue specific meta-
bolic, enzymatic, coagulation, structural or other function to
the mammal. The cells can be used to engraft a cell into a
mammal, causing the differentiation 1 vivo of cell types,
and for administering the differentiated stem cells 1nto the
mammal. The cells, or their 1n vitro or 1n vivo differentiated
progeny, can be used to correct a genetic disease, degenera-
tive disease, cardiovascular disease, metabolic storage dis-
case, neural, or cancer disease process. They can be used to
produce gingiva-like material for treatment of periodontal
disease. They can be used to develop skin epithelial tissue
derived from multipotent stem cells that can be utilized for
skin grafting and plastic surgery. They could be used to
enhance muscle such as in the penis or heart. The can be
used to produce blood ex vivo for therapeutic use, or to
produce human hematopoietic cells and/or blood 1n prenatal
or post natal anmimals for human use. They can be used as a
therapeutic to aid for example 1n the recovery of a patient
from chemotherapy or radiation therapy in treatment of
cancer, 1n the treatment of autoimmune disease, to induce
tolerance in the recipient. They can be used to treat AIDS or
other 1nfectious diseases.

The cardiomyocytes or MASC can be used to treat cardiac
diseases including among others but not limited to myo-
carditis, cardiomyopathy, heart failure, damage caused by
heart attacks, hypertension, atherosclorosis, heart valve dys-
function. A genetically engineered multipotent mammalian
derived stem cell, or its differentiated progeny, can be used
to treat a disease with CNS deficits or damage. Further the
multipotent mammalian derived stem cell, or its neuronally
related differentiated cell, can be used to treat a disease with
neural deficits or degeneration including among but not
limited to stroke, Alzhemier’s, Parkinson’s disease, Hun-
tington’s disease, AIDS associated dementia, spinal cord
injury, metabolic diseases effecting the brain or other nerves.

A multipotent mammalian derived stem cell or their
differentiated progeny such as stromal cells can be used to
support the growth and differentiation of other cell types 1n
vivo or 1n vitro, mcluding but not limited to hematopoietic
cells, pancreatic 1slet or beta cells, hepatocytes, etc. The
stem cell, or cartilage differentiated progeny, can be used to
treat a disease of the joints or cartilage including but not
limited to cartilage tears, cartilage thinning, osteoarthritis.
Moreover, the stem cells or their osteoblast differentiated
progeny can be used to ameliorate a process having delete-
rious elfects on bone including among but not limited to
bone fractures, non-healing fractures, osteoarthritis, “holes™
in bones cause by tumors spreading to bone such as prostate,
breast, multiple myloma etc.

The present invention also provides a kit for providing
immunization to induce a protective immune response in a
human subject. The kit may contain, separately packaged,
media and antibodies for 1solation of multipotent adult stem
cells from a bone marrow aspirate; media and cellular
factors for culture of the i1solated multipotent adult stem
cells; and genetic elements for genetically altering the
multipotent adult stem cells to produce antigenic molecules.
The kit may further contain media and cellular factors
cllective to differentiate the multipotent adult stem cells to
form tissue-specific cell types. The genetic elements may be
viral vectors, and the viral vectors may contain the nucleo-
tide sequence encoding one or more antigens ol bacterial or
viral origin. The genetic elements may be plasmids contain-
ing a nucleotide sequence encoding a bactenial, viral, or
parasite antigen. The plasmids may be packaged with com-
ponents for calcium phosphate transfection. The genetic
clements may be vectors comprising nucleotide sequences
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encoding antigens common to cancer cells, or the genetic
clements may be vectors containing nucleotide sequences
encoding antigens of parasitic organisms.

The present invention further provides a method of gene
profiling of a multipotent derived stem cell as described
above, and the use of this gene profiling 1n a data bank. It
also provides for the use of gene profiled multipotent stem
cells as described above in data bases to aid in drug
discovery.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a and FIG. 15 are photographs of undiflerentiated
MASCs of the present ivention. Cells lacking CID45

expression, as well as glycophorin-A expression were
selected by immunomagnetic bead depletion and FACS.
Cells recovered after sorting are small blasts (FIG. 1a). 5000
cells were plated 1n fibronectin coated wells of 96 well plates
in defined medium consisting of DMEM, 10 ng/ml IGF, 10

ng/ml EGF and 10 ng/ml PDGF-BB as well as transferrin,

selenium, bovine serum albumin, dexamethasone, linoleic
acid, imsulin and ascorbic acid. After 7-21 days, small
colonies of adherent cells develop. (FIG. 15).

FIG. 2 1s a graph 1llustrating expansion rates for MASCs
in culture. CD45-/GlyA- cells were plated in fibronectin-
coated wells of 96 well plates 1n defined medium consisting
of DMEM, 10 ng/ml IGF, 10 ng/ml EGF and 10 ng/ml
PDGF-BB as well as transferrin, selenium, bovine serum
albumin, dexamethasone, linoleic acid, insulin and ascorbic
acid with or without 2% FCS. When semi-confluent, cells
were recovered by trypsinization and sub-cultured twice
weekly at a 1:4 dilution under the same culture conditions.

FIG. 3 Telomere length of MASCS from a donor, age 33,
was cultured at reseeding densities of 2x10° cells/cm” for 23
and 35 cell doublings. Telomere length was determined
using standard techniques. Telomere length was 9 kB. This
was 3 kB longer than telomere length of blood lymphocytes
obtained from the same donor. Telomere length evaluated
after 10 and 25 cell doublings resp. and again after 35 cells
doublings, was unchanged. As controls, we tested HL60
cells (short telomeres) and 293 cells (long telomeres).

FIG. 4 1llustrates the general protocol for culture, trans-
duction, differentiation, and confirmation of differentiation
used by the mventors for MASCs of the present invention.
Transduction with an eGFP-containing retroviral vector was

performed aifter culture as indicated. Hali-contluent MASC
were exposed for six hours on two sequential days to
MFG-eGFP containing PA3177 supernatant made in MASC
medium (1.e., DMEM, 2% FCS, EGF, PDGF-BB, transier-
rin, selenium, bovine serum albumin, dexamethasone, lino-
leic acid, insulin and ascorbic acid) in the presence of 10
ug/mL protamine. Twenty-four hours after the last transduc-
tion, cells were trypsinized and subjected to FACS selection.
Thirty to seventy percent of MASCs were eGFP positive.
One to one hundred eGFP positive cells/well were sorted
using the ACDU device on the FACS 1n FN coated wells of
96 well plates, 1n the same MASC medium. Of these wells,
approximately 2/plate containing 10 cells/well produced
MASC progeny. Clones were then culture expanded. Eight
to 10 sub-populations of these expanded cells were mnduced
to differentiate along different pathways, with differentiation
being confirmed using the techniques indicated.

FIG. 5 illustrates the differentiation protocol used by the
inventors to induce the MASCs of the present invention to
differentiate to form osteoblasts, chondroblasts and adipo-
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cytes as indicated. Depicted are the cytokines needed and the
appropriate tests to demonstrate induction of terminal dii-
ferentiation.

FIG. 6. 1llustrates results of immunohistochemistry stain-
ing for bone sialoprotein on day 15 as well as Western blot
analysis for bone sialoprotein on days 7, 11 and 14 after
culture after induction of MASCs with with 10~"M dexam-
cthasone, [-glycerophosphate and 10 mM ascorbic acid. In
the middle panel, results of toluidin blue staining for carti-
lage as well as Western blot analysis for collagen type 11 on
days 7, 11 and 14 shows differentiation to chondrocytes
following culture of MASCs 1n micromass in serum iree
medium with 100 ng./mlL TGF-$1. In the lower panel,
oil-red staining on day 14 and Western blot analysis for
PPARg shows diflerentiation following treatment of MASCs
with 10% horse serum.

FIG. 7. shows Western blot analysis for muscle proteins.
Panel A, hows results of culture of confluent MASCs with
3 uM 3S-azacytidine for 24h. Cultures were then maintained
in MASC expansion medium (DMEM, 2% FCS, EGF,
PDGF-BB, transferrin, selenium, bovine serum albumin,
dexamethasone, linoleic acid, mnsulin and ascorbic acid).
Differentiation was evaluated by Western blot. 5 days after
induction with either 5-azacytidine, the Myt3, Myo-D and
My16 transcription factors could be detected in approxi-
mately 50% of cells. After 14-18 days, Myo-D was
expressed at significantly lower levels, whereas Myt5 and
My16 persisted. We detected desmin and skeletal actin as
carly as 4 days after induction, and skeletal myosin at 14
days. By immunohistochemistry, 70-80% of cells expressed
mature muscle proteins after 14 days (not shown). Treatment
with either S-azacytidine or retinoic acid resulted in expres-
sion of Gata4 and Gata6 during the first week of culture. In
addition, low levels of troponin-T could be detected from
day 2 on, which may suggest that fetal muscle generated as
cardiac troponin-T 1s found in embryonal skeletal muscle.
Smooth muscle actin was detected at 2 days after induction
and persisted till 14 days. In panel B, we added 100 ng/mlL.
PDGPF as the sole cytokine to confluent MASCS maintained
in serum-iree medium for 14 days. Presence of smooth
muscle markers was evaluated by Western blot. Smooth
muscle actin was detected from day 2 on and smooth muscle
myosin after 6 days. Approximately 70% of cells stained
positive with anti-smooth muscle actin and myosin antibod-
ies on day 15 by immunohistochemistry. We found presence
of myogenin from day 4 on and desmin after 6 days. We also
detected My15 and Myi6 protens after 2-4 days, which
persisted till day 15. No Myo-D was detected.

In panel C, contluent MASCS were exposed to retinoic
acid and then cultured 1n serum-free medium with 100
ng/mlL. bFGF. Cells were then analyzed by Western blot.
Gatad and Gatab were expressed as early as day 2 and
persisted till day 135. Cardiac troponin-T was expressed after
day 4 and cardiac troponin-I from day 6 on, while we could
detect ANP after day 11 (not shown). These cardiac proteins
were detected 1n >70% of cells by immuno-histochemistry
on day 15 (not shown). We found the transcription factor
My16 from day 2 on. Expression of desmin started on day 6
and myogenin on day 2. We also found skeletal actin. When
the cultures were maintained for >3 weeks, cells formed
syncithia. We also saw inirequent spontaneous contractions
occurring in the cultures, which were propagated over
several mm distance.

FIG. 8 1s a photomicrograph showing fusion of myoblasts
and myotubes to form multinucleated myotubes. Myoblasts
from an eGFP transduced population of MASC subse-
quently induced with 5-azacytidin for 24 and maintained 1n

10

15

20

25

30

35

40

45

50

55

60

65

12

MASC expansion medium were cocultured with myoblasts
generated from non e-GFP transduced MASCS from the
same donor. To induce myotubes, MASC derived myoblasts
9 obtained after induction of non-transduced MASC with
S-azacytidin for 24 h after which they were maintained 1n
MASC expansion medium for 14 days) were cultured with
10% horse serum in DMEM. Once multinucleated cells
were formed, myotubes were imncubated with PKH26 (a red
membrane dye), washed and cocultured with eGFP trans-
duced myotubes generated as described above 1n the pres-
ence of 10% horse serum. After 2 days, cells were examined
under an fluorescence microscope. The photomicrograph
shows that the eGFP positive myoblast has fused with the
PKH26 labeled myotube.

FIG. 9 1s a cartoon depicting methods used by the
inventors to 1nduce endothelium differentiation from
MASC:s of the present invention and markers used to detect
endothelium differentiation.

FIG. 10 1s a series of photographs of immunofluorescence
staining for von Willebrand factor and CD34 markers as
well as a Western blot analysis for the endothelial cell

surface receptor Tie/Tek to confirm endothelial cell differ-
entiation. MASCs express Flk1 but not CD34, PECAM, E-

and P-selectin, CD36, Tie/Tek or Fltl. When MASCs were
cultured serum-iree MASCs medium with 20 ng/mL VEGF
we saw the appearance of CD34 on the cell surface and cells
expressed vWE by day 14 (immuno-tluorescence). In addi-
tion, cells expressed Tie I Tek, as shown on Western blot
analysis on days 7, 11 and 14. When VEGF induced cells
were cultured on matrigel or collagen type 1V, vascular tube
formation was seen.

FIG. 11 1s a series of photomicrographs showing that
MASCs diflerentiate to astrocytes, oligodendrocytes and
neural cells when cultured with SCF, Flt3-L, Tpo and Epo
for 14 days after which they were cultured in SCF and EGF
containing MASC medium by the hematopoietic supportive
teeder APT024. Cells were labeled with antibodies against
glial-fibrilar-acidic-protein (GFAP) (astrocytes), galactoce-
rebroside (GalC) (oligodendrocytes) and neurofilament-68
and 200 (neurons).

FIG. 12 1s a series of photomicrographs showing that
when low density MASCs are cultured 1n fibronectin coated
wells with 100 ng/mL bFGF, neurons develop. 20+2% cells

stained positive for -tubulin-III, 22+3% for neurofilament-
68, 50+3% {for neurofilament-160, 20+2% for neurofila-

ment-200, 82+5% for neuron-specific-enolase (NSE) and
80+£2% for microtubule-assocaited-protein-2 (MAP2). The
number of neurites per neuron increased from 3x1, to 51
and 7+2 from 2, 3 to 4 weeks after differentiation. Not
shown, after 2 weeks 1n culture, 26+4% of cells were GFAP
positive, 28+x3% GalC positive, whereas fewer cells were
GFAP or GalC positive after 4 weeks.

FIG. 13 shows RT-PCR results and Western blot analysis
tor GFAP, myelin basic protein (MBP) and neurofilament-
200 x, x and days after induction of MASCs with bFGF.

FIG. 14 shows eflect of 100 ng/mL bFGF, or 10 ng/mL of
either FGF-9, FGF-8, FGF-10, FGF-4, BDNEFE, GDNE, or
CNTF on neural development from MASCs. The nature of
the diflerentiated cells was 1dentified by immunohistochem-
1stry using antibodies agiants GFAP, GalC, neurofilament
200, tyrosine hydroxylase (TH), GABA and parvalbumine,
and acetylcholine (CAT). When cultured for 3 weeks with
bFGF, MASC differentiated into neurons, astrocuytes and
oligodendrocytes. We did not detect GABA, parvalbumin,
tyrosine hydroxylase, DOPA-decarboxylase, or tryptophan
hydroxylase. When cultured for 3 weeks with 10 ng/mL
FGF-9 and EGF MASCs generated astrocytes, oligodendro-
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cytes and GABAergic and dopaminergic. When MASCs
were cultured with 10 ng/mL. FGF-8 and EGF for 3 weeks

both dopaminergic and GABAergic neurons were produced.
Culture of MASCs 1n 10 ng/mL. FGF-10 and EGF for three
weeks generated astrocytes and oligodendrocytes, but not
neurons. When treated with 10 ng/mL FGF-4 and EGF for
3 weeks MASCs differentiated 1nto astrocytes and oligoden-
drocytes but not neurons. When MASCs were treated with
10 ng/mlL. BDNF and EGF exclusive differentiation into
tyrosine hydroxylase positive neurons was seen. When cul-
tured with GDNF MASCs differentiated into GABAergic
and dopaminergic neurons. When cultured with exclusive
differentiation into GABAergic neurons was seen after three
weeks.

FIG. 15. Undifferentiated MASCs were implanted around
a parietal infarct caused by ligation of middle cerebral artery
in the brain of Wistar rats. Rats were maintained on
cyclosporin and function of the paralyzed limbs examined 6
weeks after ijection of the MASCs. As control, amimals
received saline 1njections or media conditioned by MASCs.
Results are shown for limb placement testing 6 weeks after
transplantation of the MASCs or control solutions. Func-
tional improvement to levels equivalent to that of sham
amimals was only seen 1n rats transplanted with MASCS.

FIG. 16 Undifferentiated MASCs were implanted around
a parietal infarct caused by ligation of middle cerebral artery
in the bramn of Wistar rats. Rats were maintained on
cyclosporin and function of the paralyzed limbs examined 6
weeks after injection of the MASCs. After 2 and 6 weeks,
amimals were sacrificed to determine neural phenotype.
Because of autofluorescence of the brain following trans-
plantation with eGFP™ cells, we had to resort to immuno-
histochemical analysis of the graft. The majority of eGFP~
cells were detected 1n the grafted area 1tself at 2 weeks. After
6 weeks, eGFP™ cells migrated outside the graft. At 2 weeks,
cells staining with an anti-eGFP antibody remained spheri-
cal 1n nature and ranged from 10-30 um 1n diameter. After
6 weeks, eGFP™ cells were significantly smaller and neurites
could be seen 1n the grafted area, extending out to the normal
brain tissue. Presence of human cells was confirmed by
staining with a human specific nuclear antibody, NuMa (not
shown). This antibody will 1n the future be used to 1dentily
human cells 1n the grait allowing double and triple staining,
with immunofluorescent antibodies. Using human specific
anti-nestin antibodies, we detected small clusters of nestin-
positive cells i the same location of the graft as the
NuMa-positive cells and GFP™ cells, suggestive of neuroec-
todermal differentiation. In addition, we found positive
staining for p-tubulin III and Neurofilament-68 and -160,
Oligo Marker and GFAP, suggesting differentiation to neu-
ronal and ghal cells.

FIG. 17 shows immunohistochemical and Western blot
analysis for cytokeratin 18 and 19 atter MASCs were treated
with HGF and KGF. After 14 days, large epithelioid cells

could be seen that expressed cytokeratin 18 and 19.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Whether stem cells that are commutted to a certain lineage
have the ability of undergoing a genetical re-programming,
similar to what occurs 1n the “cloning process” or “trans-
differentiate” 1s not known. The present inventors have
shown that multipotent stem cells persist even after birth 1n
multiple organs (such as marrow, liver, brain) when purified
from these organs and cultured in vitro can proliferate
without obvious senescence and can differentiate 1nto mul-
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tiple cell types, different from the tissues they were derived
from. The phenotype of stem cells dernived from difierent
organs with “plasticity” 1s similar (CD45-CD44-HLA-
DRHLA-calss I"oct3/4 mRNA™ and hTRT™). In addition,
the characteristics of such stem cells are similar to that of,
for mstance, primordial germ cells from which they may be
a direct descendant.

The present inventors have evidence that a small fraction
of marrow cells, as well as cells 1n brain and liver, express
genes commonly only found in ES or EG cells (oct-4,
Rex-1). Furthermore, the present inventors have detected
¢GFP+ cells 1n marrow and brain of newborn mice trans-
genic for the oct-4/eGFP construct, further demonstrating
that oct-4 expressing cells are present 1n tissues other than
germ cells 1 post-embryonic life. Therefore, a small number
of stem cells may persist throughout an adult, living 1n
different organs that have multipotent characteristics. This
explains the percerved plasticity of stem cells derived from
multiple organs.

Selection and Phenotype of Multipotent Adult Stem Cells

The present mvention provides multipotent adult stem
cells (MASCs), 1solated from human or mouse (and other
species ) adults, newborns, or fetuses, that can diflerentiate to
form bone cells, cartilage, adipocytes, fibroblasts, bone
marrow stromal cells, skeletal muscle, smooth muscle, car-
diac muscle, endothelium, epithelial cells (keratinocytes),
hemopoietic, glial, neuronal and oligodendrocyte progenitor
cells. These cells exhibit differentiation phenotypes more
akin to an embryonic stem cell than to any adult-derived
stem cell described to date.

The multipotent adult stem cells described herein were
isolated by the method developed by the imventors, who
identified a number of specific cell surface markers that
characterize the MASCs. The method of the present inven-
tion can be used to 1solate multipotent adult stem cells from
any adult, child, or fetus, of human, murine and other species
origin. In addition, in mouse, these cells have been 1solated
from brain and liver. It 1s therefore now possible for one of
skill in the art to obtain bone marrow aspirates, brain or liver
biopsies, and possibly other organs, and isolate the cells
using positive or negative selection techniques known to
those of skill in the art, relying upon the surface markers
expressed on these cells, as i1dentified by the inventors,
without undue experimentation.

A. MASCs from Human Marrow:

To select the multipotent adult stem cells, bone marrow
mononuclear cells are derived from bone marrow aspirates,
which can be obtained by standard means known to those of
skill 1n the art (see, for example, Muschler, G. F., et al., J.
Bone Joint Surg. Am. (1997) 79(11): 1699-709, Batinic, D.,
et al., Bone Marrow Transplant. (1990) 6(2):103-7). The
multipotent adult stem cells are present within the bone
marrow (or other organs such as liver or brain) but do not
express the common leukocyte antigen CD45 or erythroblast
specific glycophorin-A (Gly-A). The mixed population of
cells 1s subjected to a Ficoll Hypaque separation. Cells are
then subjected to negative selection using anti-CD45 and
anti-Gly-A antibodies, depleting the population of CD45™
and Gly-A™ cells, and recovering the remaining approxi-
mately 0.1% of marrow mononuclear cells. Cells can also be
plated 1n fibronectin coated wells and cultured as described
below for 2-4 weeks after which the cells are depleted of
CD45" and Gly-A™ cells. Alternatively, positive selection 1s
used to 1solate cells using a combination of cell-specific
markers identified by the inventors and described herein,
such as the leukemia inhibitory factor (LIF) receptor. Both
positive and negative selection techniques are known to
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those of skill i1n the art, and numerous monoclonal and
polyclonal antibodies suitable for negative selection pur-
poses are also known 1n the art (see, for example, Leukocyte
Typing V, Schlossman, et al., Eds. (1995) Oxtord University

Press) and are commercially available from a number of 5

sources. Techniques for mammalian cell separation from a
mixture of cell populations have also been described by

Schwartz, et al., in U.S. Pat. No. 5,759,793 (magnetic
separation), Baseh et al. J. Immmol Methods (1983)
56:269 (immunoailinity chromatography), and Wysocki and
Sato, Proc. Natl. Acad. Sci. (USA) (1978) 75: 2844 (fluo-
reseenee-aetivated cell sorting). (FIG. 1A) Recovered
CD457/GlyA™ cells are plated onto culture dishes coated
with 5-115 ng/ml (preferably about 7-10 ng/ml) serum
fibronectin or other appropriate matrix coating. Cells are
maintained 1n Dulbecco Mimmal Essential Medium
(DMEM) or other appropnate cell culture medium, supple-
mented with 1-30 ng/ml (preferably about 3-15 ng/ml)
platelet-derived growth factor-BB (PDGF-BB), 1-50 ng/ml
(preferably about 5-15 ng/ml) epidermal growth {factor
(EGF), 1-50 ng/ml (preferably about 35-15 ng/ml) insulin-
like growth factor (IGF), or 100-10,000 IU (preferably about
1,000 IU) LIF, with 10~'° to 10~ M dexamethasone or other
approprate steroid, 2-10 ug/ml linoleic acid, and 0.05-0.15
uM ascorbic acid. Other appropriate media include, for
example, MCDB, MEM, IMDM, and RPMI. Cells can
either be maintained without serum, in the presence of 1-2%
tetal call serum, or, for example, n 1-2% human AB serum
or autologous serum. (FIG. 1B)

The present inventors have shown that MASCs cultured at
low density express the LIF-R, and these cells do not or
mimmally express CD44 whereas cells cultured at high
density, that have characteristics of MSC, loose expression
of LIF-R but express CD44. 1-2% CD45 GlyA™ cells are
CD44~ and <0.5% CD45GlyA™ cells are LIF-R™. FACS
selected cells were subjected to quantitative RT-PCR (real
time PCR) for oct-4 mRINA. oct-4 mRNA levels were 5 fold
higher in CD45~GlyA™ CD44™ and 20-fold higher in CD45™
GIlyA~LIF-R™ cells than in unsorted CD45 GIlyA~ cells.
Sorted cells were plated in MASC culture with 10 ng/mlL
EGF, PDGF-BB and LIF. The frequency with which MASC
started growing was 30-fold higher in CD45 GlyA"LIF-R™
cells and 3 fold higher 1n CD45"GlyA™CD44~ cells than 1n
unsorted CD45 GlyA™ cells.

When human cells are re-seeded at <0.5x10° cells/cm?,
cultures grow poorly and die. When re-seeded at >10x10°
cells/cm?® every 3 days, cells stop proliferating after <30 cell
doublings and, as will be discussed below, this also causes
loss of differentiation potential. When re-seeded at 2x10°
cells/cm” every 3 days, >40 cell doublings can routinely be
obtained, and some populations have undergone >70 cell
doublings. Cell doubling time was 36-48h for the initial
20-30 cell doublings. Afterwards cell-doubling time was
extended to as much as 60-72h. (FIG. 2)

Telomere length of MASCs from 5 donors (age 2 years-55
years) cultured at reseeding densities of 2x10° cells/cm” for
23-26 cell doublings was between 11-13 kB. This was 3-5
kB longer than telomere length of blood lymphocytes
obtained from the same donors. Telomere length of cells
from 2 donors evaluated after 23 and 25 cell doublings resp.
and again after 35 cells doublings, was unchanged. The

karyotype of these MASCS was normal. (FIG. 3)
B. MASCs from Murine Tissues:

Marrow from C57/BL6 mice was obtained and mononu-
clear cells or cells depleted of CD45 and GlyA positive cells
plated under the same culture conditions used for human
MASCs (10 ng/mL. human PDGF-BB and EGF). When
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marrow mononuclear cells were plated, we depleted CD45™
cells 14 days after initiation of culture to remove hemopoi-
etic cells. As for human MASCs, cultures were re-seeded at
2,000 cells/cm” every 2 cell doublings. In contrast to what
we saw with human cells, when fresh murine marrow
mononuclear cells depleted on day 0 of CD45" cells were
plated in MASCs culture, no growth was seen. When murine
marrow mononuclear cells were plated, and cultured cells 14
days later depleted of CD45™ cells, cells with the morphol-
ogy and phenotype similar to that of human MASCs
appeared. When cultured with PDGF-BB and EFG alone,
cell doubling was slow (=6 days) and cultures could not be
maintained beyond 10 cell doublings. Addition of 100-10,
000 ng/mL (preferably 1,000 IU) LIF significantly improved
cell growth and >70 cell doublings have been obtained.

Marrow, brain or liver mononuclear cells from 3-day old
FVB/N mice were plated in MASCs cultures with EGEFE,
PDGF-BB and LIF on fibronectin. 14 days later, CD45™
cells were removed and cells maintained in MASCs culture
conditions as described above. Cells with morphology and
phenotype similar to that of human MASCs and murine
marrow C57/B16 MASCs grew in cultures initiated with
marrow, brain or liver cells from FVB/N mice.

C. Phenotype of MASCs.

1. Human MASCs.

Immunophenotypic analysis by FACS othuman MASCs
obtained after 22-25 cell doublings showed that cells do not
express CD31, CD34, CD36, CD38, CD435, CD30, CD62E
and -P, HLA-DR, Mucl8, STRO-1, cKit, Tie/Tek; and
express low levels of CD44, HLA-class I, and p2-micro-
globulin, but express CDI10, CDI13, CD49b, (CDA49e,
CDw90, Flk1 (N>10).

Once cells undergo >40 doublings 1n cultures re-seeded at
2x10°/cm”, the phenotype becomes more homogenous and
no cell expressed HLA-class-1 or CD44 (n=6). When cells
were grown at higher confluence, they expressed high levels
of Muclg, CD44, HLLA-class I and p2-microglobulin, which
1s similar to the phenotype described for MSC (N=8) (Pit-
tenger, Science (1999) 284: 143-147).

Immunhistochemistry showed that human MASCs grown
at 2x10°/cm” seeding density express EGF-R, TGF-R1 and
-2, BMP-R1A, PDGF-R1a and -B, and that a small sub-
population (between 1 and 10%) of MASCs stain with
ant1-SSEA4 antibodies (Kannagi R, EMBO J 2:2355-61,
1983).

Using Clontech eDNA arrays we evaluated the expressed
gene profile of human MASCs cultured at seeding densities
of 2x10°/cm”® for 22 and 26 cell doublings and found the
following profiles:

A. MASCS do not express CD31, CD36, CD62E, CD62P,
CD44-H, cKit, Tie, receptors for IL1, IL3, IL6, IL11,
G-CSFE, GM-CSF, Epo, Flt3-L, or CNTF, and low levels
of HLA-class-1, CD44-E and Muc-18 mRNA.

B. MASCs express mRNA for the cytokines BMPI,
BMPS, VEGF, HGF, KGFE, MCP1; the cytokine recep-
tors Flkl EGF-R, PDGF-R1a, gp130 LIF-R, activin-
R1 and -R2, TGFR-2, BMP-R1A; the adhesion recep-
tors CD49c, CD49d, CD29; and CD10.

C. MASCs express mRNA for hTRT and TRF1; the
POU-domain transcription factor oct-4 ¢ sox-2 (re-
quired with oct-4 to maintain undifferentiated state of

ES/EC, Uwanogho D, Mech Dev 49:23-36, 1995),
sox-11 (neural development) s0X-9 (ehendregene51s
Letebvre V, Matrix Biol 16:529-40, 1998); homeodeo-
main transcription factors: Hoxa4 and -a5 (cervical and
thoracic skeleton specification; organogenesis of respi-

ratory tract, Packer A I, Dev Dyn 17:62-74, 2000),
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Hox-a9 (myelopoiesis, Lawrence H, Blood 89:1922,
1997), D1x4 (specification of forebrain and peripheral
structures of head, Akimenko M A, J Neurosci
14:3475-86, 1994), MSX1 (embryonic mesoderm,
adult heart and muscle, chondro- and osteogenesis,
Foerst-Potts L, Dev Dyn 209:70-84, 1997), PDXI1
(pancreas, Ofhield M F, Development 122:983-93,
1996)

D. Presence of oct-4, LIF-R, and hTRT mRNA has been
confirmed by RT-PCR.

E. In addition RT-PCR showed that Rex-1 mRNA (re-
quired with oct-4 to maintain ES 1n an undifferentiated
state, Rosfjord E, Biochem Biophys Res Commun
203:1795-802, 1997) and Rox-1 mRNA (required with
oct-4 for transcription of Rex-1, Ben-Shushan E, Cell
Biol 18:1866-78, 1998) are expressed in MASC:s.

oct-4 1s a transcription factor expressed 1n the pregastru-

lation embryo, early cleavage stage embryo, cells of the
inner cell mass of the blastocyst, and 1n embryonic carci-
noma (EC) cells (Nichols 1, et al Cell 95:3779-91, 1998), and
1s down-regulated when cells are induced to differentiate.
Expression of oct-4 plays an important role 1n determining
carly steps in embryogenesis and differentiation. oct-4, 1n
combination with Rox-1, causes transcriptional activation of

the Zn-finger protein Rex-1, also required for maintainming,
ES undiffereniated (Rosfjord E, Rizzino A. Biochem Bio-

phys Res Commun 203:1795-802, 1997; Ben-Shushan E, et
al, Mol Cell Bi1ol118:1866-78, 1998. In addition, sox-2,
expressed 1 ES/EC, but also in other more differentiated
cells, 1s needed together with oct-4 to retain the undifleren-
tiated state of ES/EC (Uwanogho D, Rex M, Cartwright E I,
Pearl G, Healy C, Scotting P J, Sharpe P T: Embryonic
expression ol the chicken Sox2, Sox3 and Sox11 genes
suggests an 1nteractive role 1 neuronal development. Mech
Dev 49:23-36, 1995). Maintenance of murine ES cells and
primordial germ cells requires presence of LIF whereas this
requirement 1s not so clear for human and non-human
primate ES cells.

The present inventors observed that oct-4, Rex-1 and
Rox-1 are expressed in MASCs derived from human and
murine marrow and from murine liver and brain. Human
MASCs express the LIF-R and stain positive with SSEA-4.
Initial experiments show that human MASCs are enriched
by selection of LIF-R™ cells even though it is not yet clear
if their growth 1s affected by LIF. In contrast, LIF aids in the
growth of murine MASCs. Finally, oct-4, LIF-R, Rex-1 and
Rox-1 mRNA levels increase in human MASCs cultures
beyond 30 cell doublings, which results 1n phenotypically
more homogenous cells. In contrast, MASCs cultured at
high-density lose expression of these markers. This 15 asso-
ciated with senescence betore 40 cell doublings and loss of
differentiation to cells other than chondroblasts, osteoblasts
and adipocytes. Thus, the presence of oct-4, combined with
Rex-1, Rox-1, sox-2, and the LIF-R are markers that cor-
relate with presence of the most primitive cells 1n MASCs
cultures.

The present inventors have examined mice transgenic for
an oct-4 promoter-eGFP gene. In these animals, eGFP
expression 1s seen 1n primordial germ cells as well as 1n
germ cells after birth. As MASCs express oct-4, the present
inventors tested whether eGEP positive cells could be found
in marrow, brain, and liver of these animals after birth.
cGFP™ cells (1% brightest population) were sorted from
marrow, brain and liver from 5 day-old mice. When evalu-
ated by fluorescence microscopy, <1% of sorted cells from
brain and marrow were eGFP™. oct-4 mRNA could be
detected by Q-RT-PCR 1n the sorted population. Sorted cells

10

15

20

25

30

35

40

45

50

55

60

65

18

have been plated under conditions that support murine
MASCs (fibronectin coated wells with EGE, PDGF, LIF).
Cells survived but did not expand. When transferred to
murine embryonic fibroblasts, cell growth was seen. When
replated again under MASC conditions, cells with morphol-
ogy and phenotype of MASCs were detected.

2. Murine MASC:s.

As for human cells, C57/BL.6 MASCs cultured with EGF,
PDGF-BB and LIF are CD44 and HLA-class-1 negative,
stain positive with SSEA-4, and express transcripts for
oct-4, LIF-R, Rox-1 and sox-2. Likewise, MASCs from
FVB/N marrow, brain and liver express oct3/4 mRNA.
Culturing Multipotent Adult Stem Cells

Multipotent adult stem cells (MASCs) 1isolated as
described herein can be cultured using methods of the
invention. Briefly, culture in low-serum or serum-iree
medium 1s preferred to maintain the cells 1 the undifferen-
tiated state. Serum-free medium used to culture the cells, as
described herein, 1s supplemented as described 1n Table I.

TABLE 1
Insulin 10-50 pg/ml (10 pg/ml)*
Transferrin 0-10 pg/ml (5.5 pg/ml)
Selenium 2-10 ng/ml (5 ng/ml)

0.1-5 pg/ml (0.5 pg/ml)
2-10 pg/ml (4.7 pg/ml)
0.005-0.15 uM (.01 uM)
0.1 mM
40-60% (60%)

Bovine serum albumin (BSA)
Linoleic acid
Dexamethasone

L-ascorbic acid 2-phosphate
Low-glucose DMEM (DMEM-1LG)

MCDB-201 40-60% (40%)
Fetal calf serum 0-2%
Platelet-derived growth 5-15 ng/ml (10 ng/ml)
Epidermal growth factor 5-15 ng/ml (10 ng/ml)
Insulin like growth factor 5-15 ng/ml (10 ng/ml)
Leukemia mhibitory factor 10-10,000 IU (1,000 IU)

*Preferred concentrations are shown in parentheses.

Because MASCs express the LIF-R and some cells
express oct-4, 1t was tested whether addition of LIF would
improve culture. Addition of 10 ng/mL LIF to human
MASCs did not affect short-term cell growth (same cell
doubling time t1ll 25 cell doublings, level of oct-4 expres-
sion). In contrast to what was seen with human cells, when
fresh murine marrow mononuclear cells depleted on day 0 of
CD457 cells were plated 1n MASCs culture, no growth was
seen. When murine marrow mononuclear cells were plated,
and cultured cells 14 days later depleted of CD45™ cells,
cells with the morphology and phenotype similar to that of
human MASCs appeared. This suggests that factors secreted
by hemopoietic cells may be needed to support initial
growth of murine MASCs. When cultured with PDGF-BB
and EFG alone, cell doubling was slow (>6 days) and
cultures could not be maintained beyond 10 cell doublings.
Addition of 10 ng/ml LIF significantly enhanced cell

growth.

Once established 1n culture, cells can be frozen and stored
as frozen stocks, using DMEM with 40% FCS and 10%
DMSQO. Other methods for preparing frozen stocks for
cultured cells are also known to those of skill 1n the art.
Inducing MASCs to Differentiate to Form Committed Pro-
genitors and Tissue-Specific Cell Types

Using appropriate growth factors, chemokines, and cytok-
ines, MASCs of the present mvention can be induced to
differentiate to form a number of cell lineages, including, for
example, a variety of cells of mesodermal origin as well as
cell from neuroectodermal origin (glial cells, oligodendro-
cytes, and neurons) as well as endodermal origin.
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A. Splanchnic Mesoderm

1. Osteoblasts: Confluent MASCs were cultured with
about 107°-107*M (preferably about 107’M) dexametha-
sone, -glycerophosphate and 5-20 mM (preferably 10 mM)
ascorbic acid. To demonstrate presence of osteoblasts, we
used Von Kossa staining (silver reduction of CaPo4), or
antibodies against bone sialoprotein, osteonectin, osteopon-
tin and osteocalcin (immunohistochemistry/Western). After

14-21 days of culture, >80% of cells stained positive with
these antibodies. (FIG. 3, 6)

20

ditions for two days to determine whether a relative homog-
enous switch to the two specific lineages 1s seen, using
Clonetech and Invitrogen cDNA arrays. A partial list of
changes detected 1s shown 1n table 2. This 1s by no means a
conclusive evaluation of the expressed gene profile 1n
MASCs, osteoblasts and chondroblasts. However, the
results indicate that differentiation of MASCs to bone and
cartilage 1nduces significant and divergent changes 1n
expressed gene profile, consistent with the observation that
most cells within a culture can be induced to differentiate
along a given pathway

TABLE 2

differentially expressed genes in MASCS. osteoblasts and chondroblasts

1.oss

Family Osteoblast or chondroblast

Transcription factors
PDX1, h'TRT, TRF1
Cyclins, cdk’s
syndecan-4; dystroglycan
integrin a2, a3, pl,

Cell cycle
Adhesion receptors and ECM

Cytokine-R1 cytokines FLK1, LIF-R, RAR-«,

RARy, EGF-R, PDGF-Rla and -B,

oct-4, sox-2, Hoxad, 5, 9; DIx4,

TGF-R1 and -2, BMP-RIA,
BMP1 and 4, HGF, KGF, MCP1

2. Chondrobl
DMEM supplemented with 50-1,00 ng/mL
(preferably 100 ng/mL) TGF-p1 in micromass suspension

1n serum-free

culture. Small aggregates of cartilage formed 1n the bottom
ol the tubes that stained positive with toluidin blue. Collagen
type 1 was detected initially throughout the micromass (day

5) but after 14 days was only detected in the outer layer of
fibrillous cartilage. Collagen type 11 became detectable after
5 days and strongly stained the micromass by day 14.
Staining for bone sialoprotein was negative or minimally
positive 1n the outer fibrillous cartilage layer. Varniable stain-
ing was found for osteonectin, osteocalcin and osteopontin.
Presence of collagen type Il was confirmed by Western blot
and RT-PCR. In addition, RT-PCR on cells recovered after
5 days showed presence of the cartilage specific transcrip-

tion factors CART1 and CD-RAPI1. (FIG. §, 6)

3. Adipocyte: To mnduce adipocyte differentiation, about
1077 to about 10~° M (preferably about 10~ M) dexametha-
sone, about 350 to about 200 ng/ml (preferably about 100
ug/ml) msulin or media supplemented with approximately
20% horse serum can be used. Adipocyte diflerentiation can
be detected by examination with light microscopy, staining,
with oil-red, or detection of lipoprotein lipase (LPL), adi-
pocyte lipid-binding protein (aP2), or peroxisome prolifera-
tor-activated receptor gamma (PPAR). Methods for detec-
tion of cellular markers and products are known to those of
skill 1n the art, and can include detection using specific
ligands, such as, for example, troglitazone (TRO) and
rosiglitazone (RSG), which bind to PPARy. (FIG. 5, 6)

4. Expressed gene profile of cartilage and bone. The
present mventors examined genes expressed upon differen-
tiation to osteoblasts and chondroblasts. In particular, they
examined the expressed gene profile of MASCs (n=3) and
MASCs switched to osteoblast or chondroblast culture con-

asts: MASCs were trypsinized, and cultured o0
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Acquisition/increase

osteoblast chondroblast

Hox7, hox11, sox22 Sox-9, FREAC, hox-11, hox7,
Cdki’s

syndecan-4, decorin, lumican,
fibronectin, bone sialoprotein,
TIMP-1, CD44, p8, p5 integrin

Cdki’s

collagen-II, fibronectin, decorin,
cartilage glycoprotein, cartilage
oligomeric matrix protein,

MMPs and TIMPs, N-cadherin,
CD44, al and a6 integrin

PTHr-P, Leptin-R, VitD3-R, VitD3-R, BMP2, BMP7

FGEF-R3, FGEF-R2, Estrogen-R,
wnt-7a, VEGEF-C, BMP2

5. Expressed gene profile of bone by subtractive hybrid-
ization: The present inventors used a subtraction approach to
identify genetic differences between undiflerentiated
MASCs and committed progeny. Poly-A mRNA was
extracted from undifferentiated MASCs and cells induced to
differentiate to the osteoblast lineage for 2 days. Subtraction
and amplification of the diflerentially expressed cDNAs was
done using the PCR-Select kit from Clonetech, as per
manufacturer’s recommendation without modification. We
started to analyze gene sequences expressed 1n day 2 osteo-
blast cultures but not in undifferentiated MASC:s.

1) The present inventors sequenced 86 differentially
expressed eDNA-sequences. We confirmed by Northern
that the mRNAs are indeed specifically expressed 1n day
2 osteoblast progenitors and not MASCs. The sequences
were compared (using the BLAST algorithm) to the
following databases: SwissProt, GenBank protein and
nucleotide collections, ESTs, murine and human EST
contigs.

2) Sequences were categorized by homology: 8 are tran-
scription factors, 20 are mvolved 1n cell metabolism; 5 1n
chromatin repair; 4 1n the apoptosis pathway; 8 in mito-
chondnal function; 14 are adhesion receptors/ECM com-
ponents; 19 are published EST sequences with unknown

function and 8 are novel.

3) For 2 of the novel sequences, the present inventors started
to perform Q-RT-PCR on MASCs induced to differentiate

to bone for 12 h, 24 h, 2 d, 4 d, 7 d and 14 d from 3

individual donors. Genes are expressed during the nitial
2 and 4 days of differentiation respectively, and down
regulated afterwards.

4) The present inventors have also started to analyze genes
present 1n undifferentiated MASCs but not day 2 osteo-
blasts. Thirty diflerentially expressed genes have been
sequenced and 5 of them are EST sequences or unknown
sequences.
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B. Muscle

Differentiation to any muscle phenotype required that
MASCs be allowed to become confluent prior to induction
ol diflerentiation.

1. Skeletal muscle: To induce skeletal muscle cell difler-
entiation, confluent MASCs cells were treated with about 1
to about 3 uM (preferably about 3 uM) 5-azacytidine in
MASC expansion medium for 24 hours. Cultures were then
maintained in MASCs medium. Differentiation was evalu-
ated by Western blot and immunohistochemistry. Skeletal
muscle differentiation in vitro can be demonstrated by
detecting sequential activation of My1-5, Myo-D, My1-6,
myogenin, desmin, skeletal actin and skeletal myosin, either
by immunohistochemistry or Western blot analysis using
standard techniques known to those of skill in the art and
commercially available antibodies. Five days after induction
with either 5-azacytidine the Myt3, Myo-D and My16 tran-
scription factors could be detected 1n approximately 50% of
cells. After 14-18 days, Myo-D was expressed at signifi-
cantly lower levels, whereas My15 and Myi6 persisted.
Desmin and skeletal actin were detected as early as four days
alter induction, and skeletal myosin at 14 days. By immu-
nohistochemistry, 70-80% of cells expressed mature muscle
proteins after 14 days. Treatment with 5-azacitidine resulted
in expression of Gatad4 and Gatad during the first week of
culture. In addition, low levels of tropomin-T could be
detected from day two onwards. Smooth muscle actin was
detected at two days after induction and persisted for 14
days. When 20% horse serum was added, a fusion of
myoblasts into myotubes that were multinucleated was seen.
(FIG. 7) Using double fluorescent labeling we could show
that transduced myoblasts could be caused to fuse with
differentially lateral myocytes (FIG. 8).

2. Smooth muscle: Smooth muscle cells can also be
induced by culturing MASCs 1n serum-iree medium, with-
out growth factors, supplemented with high concentrations
(about 30 to about 200 ng/ml, preterably about 100 ng/ml)
of platelet-derived growth factor (PDGF). Cells should
preferably be contluent at initiation of differentiation. Ter-
minally differentiated smooth muscle cells can be 1dentified
by detecting expression of desmin, smooth muscle specific
actin, and smooth muscle specific myosin by standard meth-
ods known to those of skill in the art. Smooth muscle actin
was detected from day two onwards and smooth muscle
myosin after 14 days. Approximately 70% of cells stained
positive with anti-smooth muscle actin and myosin antibod-
1es. A presence ol myogenin was seen Irom day four
onwards and desmin after 6 days. My13 and My16 proteins
were also detected after 2-4 days, which persisted till day 15.
No Myo-D was detected. (FIG. 7)

3. Cardiac muscle: Cardiac muscle diflerentiation can be
accomplished by adding about 5 to about 200 ng/ml (pret-
erably about 100 ng/ml) basic fibroblast growth factor
(bFGF) to the standard serum-iree culture media without
growth factors, as previously described. Confluent MASCs
were exposed to uM (preferably about 3 uM) 5-azacytidine
and to 107°-10"" M (preferably 10~° M) retinoic acid, and
then cultured in MASC expansion medium afterwards.
Alternatively, MASCs were cultured with either of these
inducers alone or a combination of both and then cultured 1n
serum-ifree medium with 350-200 ng/ml. (preferably 100
ng/mL FGF2 or a combination of 5-20 ng/mL (preferably 10
ng/ml) BMP-4 and 100 ng/mL FGF2. We found expression
of proteins consistent with cardiomyocytes. Gata4 and
(Gatab were expressed as early as day 2 and persisted till day
15. Cardiac troponin-1T was expressed after day 4 and
cardiac troponin-I from day 6 on, while we could detect
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ANP after day 11. These cardiac proteins were detected in
>70% of cells by immunohistochemistry on day 15. We
found the transcription factor My16 from day 2 on. Expres-
sion of desmin started on day 6 and myogenin on day 2. We
also found skeletal actin. When the cultures were maintained
for >3 weeks, cells formed syncithia. We also saw infrequent
spontaneous contractions occurring in the cultures, which

were propagated over several mm distance. (FIG. 7)
C. Endothelial Cells MASCs express Flk1 but not CD34,

PECAM, E- and P-selectin, CD36, Tie/Tek or Fltl. When
MASCs were cultured serum-free MASCs medium with 20
ng/mlL. VEGF we saw the appearance of CD34 on the cell
surface and cells expressed vWF by day 14 (immuno-
fluorescence) (FI1G. 9, 10). In addition, cells expressed Tie,
Tek, Flk1 and Fltl, PECAM, P-selectin and E-selectin, and
CD36. Results from the histochemical staining were con-
firmed by Western blot. When VEGF induced cells were
cultured on matrigel or collagen type IV, vascular tube
formation was seen. (FI1G. 9, 10)

D. Hemopoietic Cells As MASCs difl

erentiate 1nto
CD34" endothelial cells and recent studies show that CID34~
Flk1™ cells can be induced to differentiate into endothelial
cells as well as hemopoietic cells, we tested whether MASCs

could be 1induced to differentiate in hemopoietic precursors.
MASCs were replated on collagen type IV in PDGF-BB-
and EGF-containing MASCs medium with 5% FCS and 100
ng/mL SCF that was conditioned by the AFT024 feeder, a
fetal liver dennved mesenchymal line that supports murine
and human repopulating stem cells ex vivo. Cells recovered
from these cultures expressed cKit, cMyb, Gata2 and
G-CSF-R but not CD34 (RT-PCR). Because hemopoiesis 1s
induced by factors that are released by embryonal visceral
endoderm, we co-cultured human MASCs with pGal™
murine EBs in the presence of human SCF, FIt3-L, Tpo and
Epo. In 2 separate studies, we detected a small population of
BGal™ cells that expressed human CD43.

E. Stromal cells: The mventors induced “stromal” differ-
entiation by mcubating MASCs with IL-1a, FCS, and horse
serum. To demonstrate that these cells can support hemopoi-
es1s, feeders were wrradiated at 2,000 cGy and CD34™ cord
blood cells plated in contact with the feeder. After 1, 2 and
5> weeks, progeny was replated 1n methylcellulose assay to
determine the number of colony forming cells (CFC). A
3-5-fold expansion of CFC was seen after 2 weeks and
maintenance of CFC at 5 weeks, which was similar to
cultures of CD34™ cells in contact with the murine fetal liver
derived feeder, AFT1024.

F. Neuronal Cells Surprisingly, MASCs mduced with
VEGF, the hemopoietic cytokines SCF, FIt3-L, Tpo and Epo
in MASCs medium containing EGF conditioned by the
hematopoietic supportive feeder AFT024 differentiated 1nto
glial-fibrilar-acidic-protein  (GFAP) positive astrocytes,
galactocerebroside (GalC) positive oligodendrocytes and
neurofilament positive neurons (FIG. 11) The inventors
hypothesized that production of FGF2 by the AFT1024
feeders and addition of EGF to the cultures might induce
differentiation to neuronal cells 1n vitro.

They then examined the effect FGF2, known to play a key
role 1n neural development and ex vivo culture of neural
precursors, on MASCs derived neural development. When
<50% confluent cultures of human marrow dennved MASCs
(n=7) that had been cultured with EGF and PDGF-BB were
switched to medium containing 50-3500 ng/mlL. (preferably
100 ng/ml) FGF2, differentiation to cells expressing of
astrocytes, oligodendrocytes and neurons was seen after 2-4
weeks (FIG. 11) After two weeks 1n culture, 26+4% of cells

were GFAP positive, 28+3% GalC positive and 46+5%
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neurofilament-200 positive. When reexamined after three
weeks, fewer cells were GEAP or GalC positive, but 20+2%
cells stained positive for p-tubulin-I11, 22+3% for neurofila-
ment-68, 50+3% for neurofilament-160, 20+2% for neuro-
fillament-200, 82+5% for neuron-specific-enolase (NSE) and
80+2% for microtubule-assocaited-protein-2 (MAP2) (FIG.
11) GABA, parvalbumin, tyrosine hydroxylase, DOPA-de-
carboxylase, and tryptophan hydroxylase were not detected.
The number of neurites per neuron increased from 3x1, to
5+]1 and 7+2 from 2, 3 to 4 weeks after differentiation.
Differentiation to cells with characteristics of astrocytes,
oligodendrocytes and neurons was confirmed by demon-
strating presence of GFAP, myelin basic protein (MBP) and
neurofilament-200 by Western blot and RT-PCR analysis in
FGF2 treated but not MASCs).

FGF-9, first 1solated from a glioblastoma cell line, induces
proliferation of ghal cells 1n culture. FGF-9 1s found 1n vivo
in neurons of the cerebral cortex, hippocampus, substantia
nigra, motor nucle1 of the brainstem and Purkinje cell layer.
When cultured for 3 weeks with 3-50 ng/mL (preferably 10
ng/mlL) FGF-9 and EGF MASCs generated astrocytes, oli-
godendrocytes and GABAergic and dopaminergic. During
CNS development, FGF-8, expressed at the mid/hindbrain
boundary and by the rostral forebrain, in combination with
Sonic hedgehog, induces differentiation of dopaminergic
neurons in midbrain and forebrain. It was found that when
MASCs were cultured with 5-350 ng/mL (preferably 10
ng/mL) FGF-8 and EGF for 3 weeks both dopaminergic and
GABAergic neurons were produced. FGF-10 1s found 1n the
brain 1n very low amounts and its expression 1s restricted to
the hippocampus, thalamus, midbrain and brainstem where
it 1s preferentially expressed 1n neurons but not 1n glial cells.
Culture of MASCs 1 5-50 ng/mL (preferably 10 ng/mlL.)
FGF-10 and EGF {for three weeks generated astrocytes and
oligodendrocytes, but not neurons. FGF-4 1s expressed by
the notochord and 1s required for the regionalisation of the
midbrain. When treated with 5-30 ng/mL (preferably 10
ng/mlL) FGF-4 and EGF for 3 weeks MASCs differentiated
into astrocytes and oligodendrocytes but not neurons.

Other growth factors that are specifically expressed in the
brain and that affect neural development in-vivo and m-vitro
include brain derived neurotrophic factor (BDNF), glial
derived neurotrophic factor (GDNF) and ciliary neuro-
trophic factor (CNTF). BDNF 1s a member of the nerve
growth factor family that promotes 1n vitro diflerentiation of
NSC, human subependymal cells, and neuronal precursors
to neurons and promotes neurite outgrowth of hippocamal
stem cells 1n vivo. Consistent with the known function of
BDNF to support survival of dopaminergic neurons of the
substantia nigra, when MASCs were treated with 5-30
ng/mlL (preferably 10 ng/ml) BDNF and EGF exclusive
differentiation into tyrosine hydroxylase positive neurons
was seen. GDNF 1s a member of the TGF-superfamily. In
carly neurogenesis, GDNF 1s expressed in the anterior
neuroectoderm suggesting that it may play a key role in
neuronal development. GDNF promotes survival of motor
neurons 1n peripheral nerve and muscle and has neurotrophic
and differentiation abailities. It was found that 5-50 ng/mlL.
(preferably 10 ng/mL) GDNF induced MASCs to differen-
tiate mto GABAergic and dopaminergic neurons. CNTFE,
first 1solated from ciliary ganglion, 1s a member of the gp130
tamily of cytokines. CN'TF promotes neuronal survival early
in development. In embryonic rat hippocampal cultures
CNTF increased the numbers of GABAergic and cholinergic
neurons. In addition, it prevented cell death of GABAergic
neurons and promoted GABA uptake. 5-50 ng/mL (prefer-
ably 10 ng/mL) CNTF exerted the same GABAergic induc-

10

15

20

25

30

35

40

45

50

55

60

65

24

tion on MASCs as they differentiated exclusively to
GABAergic neurons after three weeks of exposure to CNTF.

The fate of MASCs transplanted 1nto rat brain was also
examined. 50,000 eGFP™ MASCs were transplanted stereot-
actically around a parietal ifarct induced in Wistar rats,
maintained on cyclosporin. Limb-placement was tested six
weeks after transplant of saline, MASCs conditioned
medium, or MASCs. Functional improvement to levels
equivalent to that of sham animals was only seen 1n rats
transplanted with MASCs (FIG. 15).

After two and six weeks, animals were sacrificed to
determine neural phenotype. Because of autotluorescence of
the brain following transplantation with eGFP™ cells, immu-
nohistochemical analysis of the grait was performed. The
majority of eGFP™ cells were detected in the grafted area
itself at two weeks (FIG. 16). Afier five weeks, eGFP™ cells
migrated outside the graft. At two weeks, cells staining with
an anti-eGFP antibody remained spherical in nature and
ranged from 10-30 um 1n diameter. After six weeks, cells
with an anti-eGFP antibody were sigmificantly smaller and
dendrites could be seen 1n the grafted area, extending out to
the normal brain tissue. Presence of human cells was con-
firmed by staining with a human specific nuclear antibody,
NuMa. This antibody can be used to 1dentify human cells in
the graft allowing double and triple staining with immuno-
fluorescent antibodies.

Using human specific anti-nestin antibodies, the present
inventors detected small clusters of nestin-positive cells 1n
the same location of the grait as the NuMa-positive cells and
GFP™ cells, suggestive of neuroectodermal differentiation.
In addition, they found positive staining for -tubulin III and

Neurofilament-68 and -160, Oligo Marker and GFAP, sug-

gesting differentiation to neuronal and glial cells (not
shown).

G. Epithelial Cells The inventors treated confluent
MASCs (N=4) with 10 ng/mL hepatocyte growth factor
(HGF), alone or in combination with keratinocyte growth
factor (KGF). Atfter 14 days, large epithelioid cells could be
seen that expressed the HGF receptor, cytokeratin 8, 18 and
19. Presence of cytokeratin-19 suggests possible difleren-

tiation to biliary epithelium. Changing the matrix from
fibronectin to a collagen gel or matrigel improved generation
of cytokeratin-18 expressing cells with morphology of epi-
thehal cells. (FIG. 17)

Single Cell Ongin of Diflerentiated Lineages.

To address 1if MASCs are clonal, the inventors have sorted
by FACS 1 and 10 MFG-eGFP transduced eGFP™ cells per
well and cultured cells to generate 10° cells. Transduction
was done as follows: MASCs replated 24h earlier were
exposed for 6 h on 2 sequential days to MFG-eGFP or
MSCV-eGFP packaged 1n the PG13 cell line and 10 pg/mlL
protamine. Between 40-70% of MASCS were transduced.
Expression of eGEFP persisted for at least 3 months ex vivo,
and persisted 1n a large fraction of cells following differen-
tiation. When a single cell was sorted, no growth was seen
in >1,000 wells. However, when 10 cells were deposited/
well, cell growth was seen 1 3% of wells, extensive
expansion to >10" cells was seen in only 0.3% of wells.
These cells were then 1nduced to differentiate ito all meso-
dermal cell types (osteoblasts, chondroblasts, adipocytes,
skeletal and smooth muscle cells, and endothelium). Ditler-
entiation was again shown by immunohistochemistry and
Western blot. Cells were also subjected to inverse PCR to
demonstrate that the sequences 1n the human DNA flanking
the viral insert were similar. The mventors found that the
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retroviral gene was inserted 1n the same site 1n the human

genome 1n MASCs and differentiate progeny in 3 mdepen-

dent clones.

MASC Engrattment
The mventors mitiated studies to examine 1 MASCs

engrait and persist 1n vivo.

1. The inventors injected eGFP+MASCs intramuscularly
into NOD-SCID mice. Amimals were sacrificed 4 weeks
later and muscle examined to determine if, as has been
described for human ES cells, teratomas develop. In 5/5
animals, no teratomas were seen. eGEFP positive cells were
detected.

2. The inventors infused eGFP™ MASCs IV intrauterine in
tetal SCID mice. Animals were evaluated immediately
after birth. PCR analysis demonstrated presence of eGFP™
cells 1 heart, lung, liver, spleen and marrow.

3. The mventors transplanted MASCs stereotaxically 1n the
intact brain or infarcted brain of rats, they acquire a
phenotype compatible with neural cells, and persist for at
least 6 weeks.

Applications of MASCs

1. osteoblasts: MASCs of the present invention that have
been induced to differentiate to form bone cells can be used
as cell therapy or for tissue regeneration in osteoporosis,
Paget’s disease, bone fracture, osteomyelitis, osteonecrosis,
achondroplasia, osteogenesis imperfecta, hereditary mul-
tiple exostosis, multiple epiphyseal dysplasia, Marfan’s syn-
drome, mucopolysaccharidosis, neurofibromatosis or scolio-
s1s, reconstructive surgery for localized malformations,
spina bifida, hemivertebrae or fused vertebrae, limb anoma-
lies, reconstruction of tumor-damaged tissue, and recon-
struction after infection, such as middle ear intfection.

2. chondrocytes: MASCs of the present invention can be
induced to differentiate to form cartilage cells for cell
therapy or tissue regeneration in age-related diseases or
ijuries, 1 sports-related injuries, or in specific diseases
such as rheumatoid arthritis, psoriasis arthritis, Reiter’s
arthritis, ulcerative colitis, Crohns’ disease, ankylosing
spondylitis, osteoathritis, reconstructive surgery of the outer
car, reconstructive surgery of the nose, and reconstructive

surgery ol the cricoid cartilage.

3. adipocytes: Adipocytes derived from the MASCs can
be used in resculpting during reconstructive or cosmetic
surgery, as well as for the treatment of Type II diabetes. In
reconstructive  surgery, adipocytes diflerentiated as
described by the method of the present invention can be used
for breast reconstruction after mastectomy, for example, or
for reshaping tissue lost as a result of other surgery, such as
tumor removal from the face or hand. In cosmetic surgery,
adipocytes produced from the cells of the present invention
by the method of the present invention can be used 1n a
variety of techniques, such as breast augmentation, or for
reduction of wrinkles 1n aging skin. Adipocytes thus derived
can also provide an eflective 1n vitro model system for the
study of fat regulation.

4. fibroblasts: Fibroblasts derived from the MASCs can be
used for cell therapy or tissue repair to promote wound
healing or to provide connective tissue support, such as
scallolding for cosmetic surgery.

5. Skeletal muscle: MASCs can be induced to diflerentiate
to form skeletal muscle cells for cell therapy or tissue repair
in the treatment of Duchene muscular dystrophy, Becker
muscular dystrophy, myotonic dystrophy, skeletal myopa-
thy, and reconstructive surgery to repair skeletal muscle
damage.
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6. Smooth muscle: MASCs can be induced to differentiate
to form smooth muscle cells for cell therapy or tissue repair
in the treatment of developmental abnormalities of the
gastrointestinal system, such as oesophageal atresia, intes-
tinal atresia, and intussusception, as well as for replacement
of tissues after surgery for bowel infarction or colocolos-
tomy.

Smooth muscle cells formed from the MASCs of the
present mvention can also be used for bladder or uterine
reconstruction, for neovascularization, for repair of vessels
damaged by, for example, atherosclerosis or aneurysm.
Smooth muscle precursor cells (mesangial cells) can be used
as an 1n vitro model for glomerular diseases or for cell
therapy or tissue regeneration in diabetic neuropathy.
Smooth muscle precursors can also be used to repair macula
densa of the distal convoluted tubule or juxtaglomerular
tissues, which play a role 1 blood pressure regulation.

7. cardiomyocytes: Cardiomyocytes derived from the
MASCs can be usetul for cell therapy or tissue repair for
treating heart tissue damaged following myocardial 1nfarc-
tion, 1n conjunction with congestive heart failure, during
valve replacement, by congenital heart anomalies, or result-
ing from cardiomyopathies or endocarditis. Cells can be
delivered locally, especially by injection, for increased
cellectiveness. Microglial cells differentiated from MASCs
can be used to treat spinal cord 1injuries and neurodegenera-
tive disorders, such as Huntingtons disease, Parkinsons
disease, Multiple Sclerosis, and Alzheimers disease, as well
as repair of tissues damaged during infectious disease allect-
ing the central nervous system. Microglial cells that have
been genetically altered to produce cytokines can also be
used for transplantation for the treatment of infectious
disease 1n the central nervous system where access 1s limited
due to the blood-brain barrier. Glial cells can also be used to
produce growth factors or growth factor inhibitors for regen-
eration ol nerve tissue alter stroke, as a consequence of
multiple sclerosis, amylotropic lateral sclerosis, and brain
cancer, as well as for regeneration after spinal cord injury.

8. stromal cells: Stromal cells derived from the MASCs of
the present invention can be used as transplant cells for
post-chemotherapy bone marrow replacement, as well as for
bone marrow transplantation. In breast cancer, for example,
a bone marrow aspirate 1s obtained from a patient prior to an
aggressive chemotherapy regimen. Such chemotherapy 1is
damaging to tissues, particularly to bone marrow. MASCs
1solated from the patient’s bone marrow can be expanded 1n
culture to provide enough autologous cells for re-population
ol the bone marrow cells. Because these cells can differen-
tiate to multiple tissues types, cells introduced either locally
or systemically provide an added advantage by migrating to
other damaged tissues, where cellular factors 1n the tissue
environment imnduce the cells to differentiate and multiply.

9. endothelial cells: MASCs can be differentiated by the
methods described to produce endothelial cells, which can
be used 1n the treatment of Factor VIII deficiency, as well as
to produce angiogenesis for neovascularization. Endothelial
cells can also provide an 1n vitro model for tumor suppres-
s10n using angiogenic inhibitors, as well as an 1n vitro model
for vasculitis, hypersensitivity and coagulation disorders.
Using these cultured endothelial cells and rapid screening
methods known to those of skill in the art, thousands of
potentially useful therapeutic compounds can be screened in
a more timely and cost-eflective manner.

10. hematopoietic cells: MASCs can differentiate 1nto
hematopoietic cells. Cells of the present invention can
therefore be used to repopulate the bone marrow after high
dose chemotherapy. Prior to chemotherapy, a bone marrow

"y
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aspirate 1s obtained from the patient. Stem cells are 1solated
by the method of the present invention, and are grown 1in
culture and induced to differentiate. A mixture of differen-
tiated and undifferentiated cells 1s then reintroduced into the
patient’s bone marrow space. Clinical trials are currently
underway using hematopoietic stem cells for this purpose.
The stem cells of the present invention, however, provide the
additional benefit of further differentiation to form cells that
can replace those damaged by chemotherapy in other tissues
as well as 1n bone marrow. Hematopoietic cells derived from
the MASCs can be further differentiated to form blood cells
to be stored 1n blood banks, alleviating the problem of a
limited supply of blood for transtusions.

11. Neuroectodermal cells: Microglial cells differentiated
from MASCs can be used to treat spinal cord injuries and
neurodegenerative disorders, such as Huntingtons disease,
Parkinsons disease, Multiple Sclerosis, and Alzheimers dis-
case, as well as repair of tissues damaged during infectious
disease aflecting the central nervous system. Microglial cells
that have been genetically altered to produce cytokines can
also be used for transplantation for the treatment of 1nfec-
tious disease 1n the central nervous system where access 1s
limited due to the blood-brain barrier. Glial cells can also be
used to produce growth factors or growth factor inhibitors
for regeneration of nerve tissue after stroke, as a conse-
quence ol multiple sclerosis, amylotropic lateral sclerosis,
and brain cancer, as well as for regeneration after spinal cord
injury. MASCs induced to form oligodendrocytes and astro-
cytes, for example, can be used for transplant into demyel:-
nated tissues, especially spinal cord, where they function to
myelinate the surrounding nervous tissues. This technique
has been demonstrated eflective 1n mice, using embryonic
stem cells as the source of oligodendrocyte and astrocyte
precursors (Brustle, O., et al., Science (1999) 285:754-756).
The MASC:s of the present invention exhibit the broad range
of differentiation characteristic of embryonic cells, but pro-
vide the added advantage of contributing autologous cells
for transplant.

The cells of the present invention can be used in cell
replacement therapy and/or gene therapy to treat congenital
neurodegenerative disorders or storage disorders such as, for
instance, mucopolysaccharidosis, leukodystrophies
(globoid-cellleukodystrophy, Canavan disease), fucosidosis,
GM2 gangliosidosis, Niemann-Pick, Sanfilippo syndrome,
Wolman disease, and Tay Sacks. They can also be used for
traumatic disorders such as stroke, CNS bleeding, and CNS
trauma; for peripheral nervous system disorders such as
spinal cord injury or syringomyelia; for retinal disorders
such as retinal detachment, macular degeneration and other
degenerative retinal disorders, and diabetic retinopathy.

12. Ectodermal epithelial cells: Moreover, the epithelial
cells of the present mvention can also be used in cell
replacement therapy and/or gene therapy to treat or alleviate
symptoms of skin disorders such as alopecia, skin defects
such as burn wounds, and albinism.

13. Endodermal epithelial cells: Epithehal cells derived
from the MASC of the present invention can be used 1n cell
replacement therapy and/or gene therapy to treat or alleviate
symptoms of several organ diseases. The cells could be used
to treat or alleviate congenital liver disorders, for example,
storage disorders such as mucopolysaccharidosis, leukodys-
trophies, GM2 gangliosidosis; increased bilirubin disorders,
for mstance Crigler-Najjar syndrome; ammonia disorders
such as inborn errors of the urea-cycle, for mstance Orni-
thine decarboxylase deficiency, citrullinemia, and arginino-
succinic aciduria; inborn errors of amino acids and organic
acids such as phenylketoinuria, hereditary tyrosinemia, and
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Alphal-antitrypsin deficiency; and coagulation disorders
such as factor VIII and IX deficiency. The cells can also be
used to treat acquired liver disorders due to viral infections.
The cells of the present invention can also be used 1n ex vivo
applications such as to generate an artificial liver (akin to
kidney dialysis), to produce coagulation factors and to
produce proteins or enzymes generated by liver epithelium.

These epithelial cells of the present invention can also be
used in cell replacement therapy and/or gene therapy to treat
or alleviate symptoms of biliary disorders such as biliary
cirthosis and biliary atresia.

The epithelial cells of the present mvention can also be
used 1n cell replacement therapy and/or gene therapy to treat
or alleviate symptoms of pancreas disorders such as pan-
creatic atresia, pancreas inflammation, and Alphal-antit-
rypsin deficiency. Further, as pancreas epithelium can be
made from the cells of the present mnvention, and as neural
cells can be made, beta-cells can be generated. These cells
can be used for the therapy of diabetes (subcutaneous
implantation or intra-pancreas or intra-liver implantation.
Further, the epithelial cells of the present invention can also
be used i1n cell replacement therapy and/or gene therapy to
treat or alleviate symptoms of gut epithelium disorders such
as gut atresia, inflammatory bowel disorders, bowel infarcts,
and bowel resection.

14. Modification of MASC to ensure absence of senes-
cence underless than optimal culture conditions: Although
MASC have long telomeres (12 kb) and the telomere length
1s not different 1n cells from donors of different ages. Upon
ex vivo culture of the MASC, telomeres do not shorten for
an extended period of time, 1.€., for over 4 months in ex vivo
culture (or >35 cell doublings). This may persist longer.
Telomerase 1s present in MASC derived from people of all
ages. When MASC cells are cultured under confluent con-
ditions, senescence occurs and telomers begin to shorten. As
extensive expansion in relative high dense cultures may be
preferable for production, commercial or other purposes,
MASC can be transduced/transfected with a telomerase-
containing construct, which will prevent senescence of cells.
As these cells could then be used for 1n vivo transplantation,
it would be preferable that telomerase be removed from the
cell prior to transplantation. This can be accomplished by
engineering the telomerase construct such that 1t 1s located
between two LoxP sites. The Cre recombinase will be able
to then excize telomerase. Cre can be transfected/transduced
into the target cell using a second vector/plasmid or as part
of the telomerase-contaiming construct. Cre can be 1ntro-
duced 1 a constitutively active form, or as an inducible
enzyme, for instance by flanking the proteimn with one or
more mutated ligand binding domains of the human estrogen
receptor (ER) that can be induced by 4-hydroxy-tamoxifen
(OHT), but not natural ER ligands, or by using a tetracyclin
or rapamacine inducible, or other drug inducible system.

15. Approaches for transplantation to prevent immune
rejection:

a. umversal donor cells: MASC can be manipulated to
serve as universal donor cells for cell and gene therapy to
remedy genetic or other diseases and to replace enzymes.
Although undifferentiated MASC express no HLA-type 1,
HLA-type II antigens or beta-2 microglobulin, some difler-
entiated progeny express at least type I HLA-antigens.
MACS can be modified to serve as universal donor cells by
climinating HLA-type 1 and HLA-type II antigens, and
potentially introducing the HLLA-antigens from the prospec-
tive recipient to avoid that the cells become easy targets for
NK-mediated killing, or become susceptible to unlimited
viral replication and/or malignant transformation. Elimina-
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tion of HLA-antigens can be accomplished by homologous
recombination or via mtroduction of point-mutations in the
promoter region or by introduction of a pointmutation 1n the
initial exon of the antigen to introduce a stop-codon, such as
with chimeroplasts. Transter of the host HLLA-antigen can be
achieved by retroviral, lentiviral, adeno associated virus or
other viral transduction or by transfection of the target cells
with the HLA-antigen eDNA’s. MASC can be used to
establish and set amount or a given range or level of a
protein in the body or blood.

b. Intrauterine transplant to circumvent immune recogni-
tion: MASC can be used 1n intrauterine transplantation
setting to correct genetic abnormalities, or to introduce cells
that will be tolerated by the host prior to 1mmune system
development. This can be a way to make human cells 1n
large quantities such as blood, 1n animals or it could be used
as a way to correct human embryo genetic defects by
transplanting cells that make the correct protein or enzyme.

16. Gene therapy: Until now, human cells used for gene
therapy have been essentially limited to bone marrow and
skin cells, because other types of cells could not be extracted

from the body, grown in culture, genetically altered, then
successiully reimplanted into the patient from whom the
tissue was taken. (Anderson, W. F., Nature (1998) 392: 30;
Anderson, W. F., Scientific American (1995) 273: 1-5;
Anderson, W. F. Science (1992) 256: 808-813) MASCs of
the present invention can be extracted and 1solated from the
body, grown 1n culture in the undiflerentiated state or
induced to differentiate 1n culture, and genetically altered
using a variety of techniques, especially viral transduction.
Uptake and expression of genetic material 1s demonstrable,
and expression of foreign DNA 1s stable throughout devel-

opment. Retroviral and other vectors for inserting foreign
DNA 1nto stem cells are known to those of skill 1n the art.
(Mochizuki, H., et al., J. Virol (1998) 72(11): 8873-8883;
Robbins, P., et al., J. Virol. (1997) 71(12): 9466-9474;
Bierhuizen, M., et al., Blood (1997) 90(9):3304-3313;
Douglas, 1., et al., Hum. Gene Ther. (1999) 10(6): 935-945;
Zhang, G., et al., Biochem. Biophys. Res. Commun (1996)
227(3): 707-711). Once transduced using a retroviral vector,
enhanced green fluorescent protein (eGFP) expression per-
s1sts 1n terminally differentiated muscle cells, endothelium,
and c-Kit positive cells derived from the 1solated MASC:s,
demonstrating that expression of retroviral vectors intro-
duced mnto MASC persists throughout differentiation. Ter-
minal differentiation was induced from cultures iitiated
with 10 eGFP™ cells previously transduced by retroviral
vector and sorted a few weeks 1nto the mitial MASC culture
period.

Hematopoietic stem cells, although limited 1n differentia-
tion potential, demonstrate utility for gene therapy (see
Kohn, D. B., Curr. Opin. Pediatr. (1993) 7: 56-63). The cells
of the present invention provide a wider range of differen-
tiated cell types which can retain transduced or transiected
DNA when terminally differentiated, as demonstrated by the
fact that terminally differentiated muscle cells, endothelium,
and c-Kit positive cells retained enhanced green tfluorescent
protein expression although the retroviral vector had been
introduced into the undifferentiated stem cell.

MASC:s of the present invention provide other advantages
over hematopoietic stem cells for gene therapy, as well.
Stem cells of the present invention are relatively easy to
isolate from bone marrow aspirates obtained under local
anesthesia, easy to expand 1n culture, and easy to transiect
with exogenous genes. Adequate numbers of hematopoietic
stem cells for the same purpose must be 1solated from at
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least one liter of marrow and the cells are diflicult to expand
in culture (see Prockop, D. 1., Science (1997) 276: 71-74).

Candidate genes for gene therapy include, for example,
genes encoding Apolipoprotein E (which has been correlated
with nisk for Alzheimer’s disease and cardiovascular dis-
case), MTHFR (variants of which have been associated with
increased homocysteine levels and risk of stroke), Factor V
(which has been correlated with risk of thrombosis), ACE
(variants of which have been correlated with risk of heart
disease), CKR-5 (which has been associated with resistance
to HIV), HPRT (hypoxanthine-guanine phosphoribosyl
transierase, the absence of which results 1n Lesch-Nyhan
disease), PNP (purine nucleoside phosphorylase, the
absence of which results 1n severe immunodeficiency dis-
case), ADA (adenosine deaminase, the absence of which
results 1n severe combined immunodeficiency disease), p21
(which has been proposed as a candidate gene for treatment
for ataxia telangiectasia), p47 (the absence of which 1is
correlated with lack of oxidase activity in neutrophils of
patients with chronic granulomatous disease, GenBank
accession number M53067 and M38755), Rb (the retino-
blastoma susceptibility gene associated with tumor forma-
tion, GenBank accession number M15400), KVLQT1 (a
potassium channel protein, with aberrant forms associated
with cardiac arrhythmias, GenBank accession number
U40990), the dystrophin gene (associated with Duchenne
muscular dystrophy, GenBank accession numbers M18533,
M17154, and M18026), CFTR (the transmembrane conduc-
tance regulator associated with cystic fibrosis, GenBank
accession number M28668), phosphatidylinositol3-kinase
(associated with ataxia telangiectasia, GenBank accession
number U264355), and VHL (loss or mutation of the protein
1s associated with Von-Hippel Lindau disease: Latif, F., et
al., Science (1993) 260: 1317-1320). Other diseases which
can be treated eflectively using these genetically-altered
cells includ, Factor IX deficiency, adenosine deaminase
deficiency (associated with severe combined immunodefi-
ciency disease, or SCIDS), and diabetes, and deficiencies 1n
glucocerebrosidase, a.-1iduronidase.

These novel genes can be driven by an inducible promoter
so that levels of enzyme can be regulated. These inducible
promoter systems may include a mutated ligand binding
domain of the human estrogen receptor (ER) attached to the
protein to be produced. This would require that the indi-
vidual ingests tamoxifen to allow expression of the protein.
Alternatives are tetracyclin on or ofl systems, RU486, and a
rapamycin inducible system. An additional method to obtain
relative selective expression 1s to use tissue specific promot-
ers. For istance in the brain, one can introduce a transgene
driven by the neuron-specific enolase promoter (Ad-NSE) or
the ghal fibrillary acidic protein promoter (GFAP) promoter,
which will allow almost exclusive expression 1n brain tissue.
Likewise, endothelial expression only may be obtained by
using the Tec promoter or the VE-cadherin promoter.

Genetically altered MASCs can be mtroduced locally or
infused systemically. Human stem cells with more limited
differentiation potential, when transfected with a gene for
factor IX, secrete the protein for at least 8 weeks after
systemic infusion mto SCID mice. (Keating, A., et al., Blood
(1996) 88:3921.) MASCs ofthe present invention, having a
broader diflerentiation potential than any non-embryonic
stem cell described thus far, provide an added advantage for
systemic or local adminmistration, because they can migrate
to a variety of tissues, where cytokines, growth factors, and
other factors induce diflerentiation of the cell. The difler-
entiated cell, now a part of the surrounding tissue, retains 1ts
ability to produce the protein product of the introduced gene.




US 9,789,136 B2

31

In Parkinson’s disease, for example, clinical trials have
shown that mesencephalic dopamine neurons obtained from
human embryo cadavers can survive and function in the
brains of patients with Parkinson’s disease. PET scans have
indicated that ['°F]fluorodopa uptake in the area around the
cell graft 1s increased after transplantation, and remains so
for at least si1x years 1n some patients. (See Dunnett, S. and
A. Byjorklund, Nature (1999) 399 (Suppl.) A32-A-39; Lind-
vall, O., Nature Biotech. (1999) 17: 635-636;, Wagner, 1., et
al., Nature Biotech. (1999) 17: 653-659.) Unlike the embry-
onic cells, 1solated MASCs as described by the present
invention provide a ready supply of cells for transplant, yet
maintain the differentiation potential that makes embryonic
cell transplant therapy an attractive alternative for disease
treatment.

For AIDS therapy, MASCs of the present invention can be
genetically engineered to produce Rev M10, a transdomi-
nant negative mutant of Rev that blocks the function of a
wild-type Rev produced in HIV-infected cells. (Bevec, D. et
al., Proc. Natl. Acad. Sci. USA (1992) 89: 9870-9874;
Ranga, U., et al., Proc. Natl. Acad. Sci. USA (1998) 95(3):
1201-1206.) Once induced to differentiate into hematopoi-
ctic linecage cells and introduced 1nto the patient, MASCs
repopulate the HIV-infected patient’s depleted T cell supply.
Since the genetically altered cells possess the mutant Rev
M10, they will be resistant to the lethal effects of infection
by most strains of HIV.

Genetically altered MASCs can also be encapsulated 1n an
inert carrier to allow the cells to be protected from the host
immune system while producing the secreted protein. Tech-
niques for microencapsulation of cells are known to those of
skill 1n the art (see, for example, Chang, P., et al., Trends in
Biotech. (1999) 17(2): 78-83). Materials for microencapsu-
lation of cells include, for example, polymer capsules,
alginate-poly-L-lysine-alginate microcapsules, barium poly-
L-lysine alginate capsules, barium alginate capsules, poly-
acrylomitrile/polyvinylchloride (PAN/PVC) hollow fibers,
and polyethersulfone (PES) hollow fibers. U.S. Pat. No.
5,639,275 (Baetge, E., et al.), for example, describes
improved devices and methods for long-term, stable expres-
s10n of a biologically active molecule using a biocompatible
capsule containing genetically engineered cells. Such bio-
compatible immunoisolatory capsules, in combination with
the MASCs of the present invention, provide a method for
treating a number ol physiologic disorders, including, for
example, diabetes and Parkinson’s disease.

In the diabetic patient, for example, heterologous stem
cells which have been genetically altered to produce 1nsulin
at physiologically therapeutic levels can be encapsulated for
delivery within the patient’s tissues. Alternately, autologous
stem cells can be derived from the patient’s own bone
marrow aspirate for transduction with a retroviral vector as
previously described. Once genetically altered to produce
physiologically therapeutic levels of insulin, these cells can
be encapsulated as described by Chang or Baetge and
introduced into the patient’s tissues where they remain to
produce 1nsulin for extended periods of time.

Another advantage of microencapsulation of cells of the
present mvention 1s the opportunity to incorporate into the
microcapsule a variety of cells, each producing a biologi-
cally therapeutic molecule. MASCs of the present invention
can be 1nduced to differentiate into multiple distinct lin-
cages, each of which can be genetically altered to produce
therapeutically effective levels of biologically active mol-
ecules. MASCs carrying diflerent genetic elements can be
encapsulated together to produce a variety of biologically
active molecules.
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MASC:s of the present invention can be genetically altered
ex vivo, eliminating one of the most significant barriers for
gene therapy. For example, a subject’s bone marrow aspirate
1s obtained, and from the aspirate MASCs are 1solated. The
MASC:s are then genetically altered to express one or more
desired gene products. The MASCs can then be screened or
selected ex vivo to identity those cells which have been
successiully altered, and these cells can be reintroduced 1nto
the subject, either locally or systemically. Alternately,
MASCs can be genetically altered and cultured to induce
differentiation to form a specific cell linecage for transplant.
In either case, the transplanted MASCs provide a stably-
transiected source of cells that can express a desired gene
product. Especially where the patient’s own bone marrow
aspirate 1s the source of the MASCs, this method provides
an immunologically safe method for producing transplant
cells. The method can be used for treatment of diabetes,
cardiac myopathy, neurodegenerative disease, and adenos-
ine deaminase deficiency, to name only a few of a multitude
of examples. In diabetes, for example, MASCs can be
1solated, genetically altered to produce insulin, then trans-
planted into the patient suflering from the disease. Where the
disease 1s associated with autoimmunity, MASCs can be
genetically altered to express erther an altered MHC or no
MHC 1n order to avoid immune surveillance. Suppression of
MHC expression 1n transplanted pancreatic islet cells has
been successtully performed using an adenoviral vector
expressing the E3 region of the viral genome. Cells of the
present invention can be stably transfected or transduced, as
the mnventors have demonstrated, and can therefore provide
a more permanent source ol insulin for transplant into a
diabetic patient.

Donor MASCs, particularly if genetically altered to alter
MHC expression, and autologous MASCs, iI genetically
altered to express the desired hemoglobin gene products, can
be especially eflective in cell therapy for the treatment of
sickle cell anemia and thalassemia.

Methods for Genetically Altering MASCs

Cells 1solated by the method described herein can be
genetically modified by itroducing DNA or RNA 1nto the
cell by a variety of methods known to those of skill i the
art. These methods are generally grouped into four major
categories: (1) viral transfer, including the use of DNA or
RNA wviral vectors, such as retroviruses (including lentivi-
ruses), Simian virus 40 (SV40), adenovirus, Sindbis virus,
and bovine papillomavirus for example; (2) chemical trans-
fer, including calcium phosphate transiection and DEAE
dextran transiection methods; (3) membrane fusion transier,
using DNA-loaded membranous vesicles such as liposomes,
red blood cell ghosts, and protoplasts, for example; and (4)
physical transfer techniques, such as microinjection, elec-
troporation, or direct “naked” DNA transier. MASCs can be
genetically altered by insertion of pre-selected 1solated
DNA, by substitution of a segment of the cellular genome
with pre-selected 1solated DNA, or by deletion of or inac-
tivation of at least a portion of the cellular genome of the
cell. Deletion or inactivation of at least a portion of the
cellular genome can be accomplished by a variety of means,
including but not limited to genetic recombination, by
antisense technology (which can include the use of peptide
nucleic acids, or PNAs), or by ribozyme technology, for
example. Insertion of one or more pre-selected DNA
sequences can be accomplished by homologous recombina-
tion or by viral integration into the host cell genome. The
desired gene sequence can also be incorporated 1nto the cell,
particularly into 1ts nucleus, using a plasmid expression
vector and a nuclear localization sequence. Methods for
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directing polynucleotides to the nucleus have been described
in the art. The genetic material can be introduced using
promoters that will allow for the gene of interest to be
positively or negatively induced using certain chemicals/
drugs, to be eliminated following administration of a given
drug/chemical, or can be tagged to allow induction by
chemicals (including but not limited to the tamoxifen
responsive mutated estrogen receptor) expression in specific
cell compartments (including but not limited to the cell
membrane).

Homologous Recombination

Calcium phosphate transfection, which relies on precipi-
tates of plasmid DNA/calcium 10ns, can be used to introduce
plasmid DNA contaiming a target gene or polynucleotide
into 1solated or cultured MASCs. Briefly, plasmid DNA 1s
mixed into a solution of calcium chloride, then added to a
solution which has been phosphate-builered. Once a pre-
cipitate has formed, the solution 1s added directly to cultured
cells. Treatment with DMSO or glycerol can be used to
improve transiection efliciency, and levels of stable trans-
fectants can be improved using bis-hydroxyethylamino eth-
anesulfonate (BES). Calctum phosphate transiection sys-
tems are commercially available (e.g., ProFection® from
Promega Corp., Madison, Wis.).

DEAE-dextran transtection, which 1s also known to those
of skill in the art, may be preferred over calcium phosphate
transfection where transient transfection 1s desired, as it 1s
often more eflicient.

Since the cells of the present invention are 1solated cells,
microinjection can be particularly effective for transierring
genetic material into the cells. Briefly, cells are placed onto
the stage of a light microscope. With the aid of the magni-
fication provided by the microscope, a glass micropipette 1s
guided into the nucleus to mject DNA or RNA. This method
1s advantageous because 1t provides delivery of the desired
genetic material directly to the nucleus, avoiding both cyto-
plasmic and lysosomal degradation of the injected poly-
nucleotide. This technique has been used effectively to
accomplish germline modification 1n transgenic animals.

Cells of the present invention can also be genetically
modified using electroporation. The target DNA or RNA 1s
added to a suspension of cultured cells. The DNA/RNA-cell
suspension 1s placed between two electrodes and subjected
to an electrical pulse, causing a transient permeability 1n the
cell’s outer membrane that 1s manifested by the appearance
of pores across the membrane. The target polynucleotide
enters the cell through the open pores in the membrane, and
when the electric field 1s discontinued, the pores close in
approximately one to 30 minutes.

Liposomal delivery of DNA or RNA to genetically
modity the cells can be performed using cationic liposomes,
which form a stable complex with the polynucleotide. For
stabilization of the liposome complex, dioleoyl phosphati-
dylethanolamine (DOPE) or dioleoyl phosphatidylcholine
(DOPC) can be added. A recommended reagent for lipo-
somal transfer 1s Lipofectin® (Life Technologies, Inc.),
which 1s commercially available. Lipofectin®, for example,
1s a muxture of the cationic lipid N-[1-(2,3-dioleyloyx)
propyl]-N—N—N-trimethyl ammonia chloride and DOPE.
Delivery of linear DNA, plasmid DNA, or RNA can be
accomplished either i vitro or 1 vivo using liposomal
delivery, which may be a preferred method due to the fact
that liposomes can carry larger pieces of DNA, can generally
protect the polynucleotide from degradation, and can be
targeted to specific cells or tissues. A number of other
delivery systems relying on liposomal technologies are also
commercially available, including Effectene™ (Qiagen),
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DOTAP (Roche Molecular Biochemicals), FuGene 6™
(Roche Molecular Biochemicals), and Transfectam® (Pro-
mega). Cationic lipid-mediated gene transier efliciency can
be enhanced by incorporating purified viral or cellular
envelope components, such as the purified G glycoprotein of
the vesicular stomatitis virus envelope (VSV-G), i the
method of Abe, A., et al. (J. Virol. (1998) 72: 6159-6163).

Gene transier techniques which have been shown eflec-
tive for delivery of DNA mto primary and established
mammalian cell lines using lipopolyamine-coated DNA can
be used to introduce target DNA 1nto MASCs. This tech-
nique 1s generally described by Loefller, J. and Behr, J.,
Methods in Enzymology (1993) 217: 599-618.

Naked plasmid DNA can be 1njected directly into a tissue
mass formed of differentiated cells from the isolated
MASCs. This technique has been shown to be effective 1n
transierring plasmid DNA to skeletal muscle tissue, where
expression 1n mouse skeletal muscle has been observed for
more than 19 months following a single intramuscular
injection. More rapidly dividing cells take up naked plasmid
DNA more eihiciently. Therefore, it 1s advantageous to
stimulate cell division prior to treatment with plasmid DNA.

Microprojectile gene transfer can also be used to transfer
genes mto MASCs etther 1 vitro or 1 vivo. The basic
procedure for microprojectile gene transier was described by
I. Wolll 1n Gene Therapeutics (1994) at page 1935. Brielly,
plasmid DNA encoding a target gene 1s coated onto micro-
beads, usually 1-3 micron sized gold or tungsten particles.
The coated particles are placed onto a carrier sheet inserted
above a discharge chamber. Once discharged, the carrier
sheet 1s accelerated toward a retaiming screen. The retaining
screen forms a barrier which stops further movement of the
carrier sheet while allowing the polynucleotide-coated par-
ticles to be propelled, usually by a helium stream, toward a
target surface, such as a tissue mass formed of differentiated
MASCs. Microparticle 1njection techniques have been

described previously, and methods are known to those of
skill 1n the art (see Johnston, S. A., et al., Genet. Eng. (NY)

(1993) 13: 225-236; Wilhams, R. S., et al., Proc. Natl. Acad.
Sci. USA (1991) 88: 2726-2730; Yang, N. S., et al., Proc.
Natl. Acad. Sci. USA (1990) 87: 9568-9572).

Signal peptides can be attached to plasmid DNA, as
described by Sebestyen, et al. (Nature Biotech. (1998) 16:
80-85), to direct the DNA to the nucleus for more eflicient
eXpression.

Viral vectors are used to genetically alter MASCs of the
present invention and their progeny. Viral vectors are used,
as are the physical methods previously described, to deliver
one or more target genes, polynucleotides, antisense mol-
ecules, or ribozyme sequences, for example, into the cells.
Viral vectors and methods for using them to deliver DNA to
cells are well known to those of skill 1n the art. Examples of
viral vectors which can be used to genetically alter the cells
of the present invention include, but are not limited to,
adenoviral vectors, adena-associated viral vectors, retroviral
vectors (including lentiviral vectors), alphaviral vectors
(e.g., Sindbis vectors), and herpes virus vectors.

Retroviral vectors are eflective for transducing rapidly-
dividing cells, although a number of retroviral vectors have
been developed to effectively transter DNA 1nto non-divid-
ing cells as well (Mochizuki, H., et al., J. Virol. (1998) 72:
8873-8883). Packaging cell lines for retroviral vectors are
known to those of skill in the art. Packaging cell lines
provide the viral proteins needed for capsid production and
virton maturation of the wviral vector. Generally, these
include the gag, pol, and env retroviral genes. An appropri-
ate packaging cell line 1s chosen from among the known cell
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lines to produce a retroviral vector which 1s ecotropic,
xenotropic, or amphotropic, providing a degree of specificity
for retroviral vector systems.

A retroviral DNA vector 1s generally used with the
packaging cell line to produce the desired target sequence/
vector combination within the cells. Briefly, a retroviral
DNA vector 1s a plasmid DNA which contains two retroviral
LTRs positioned about a multicloning site and SV40 pro-
moter so that a first LTR 1s located 5 to the SV40 promoter,
which 1s operationally linked to the target gene sequence
cloned into the multicloning site, followed by a 3 second
L'TR. Once formed, the retroviral DNA vector can be trans-
terred into the packaging cell line using calcium phosphate-
mediated transfection, as previously described. Following
approximately 48 hours of virus production, the viral vector,
now containing the target gene sequence, 1s harvested.

Targeting of retroviral vectors to specific cell types was
demonstrated by Martin, F., et al., (J. Virol. (1999) 73:
6923-6929), who used single-chain varniable fragment anti-
body directed against the surface glycoprotein high-molecu-
lar-weight melanoma-associated antigen 1fused to the
amphotropic murine leukemia virus envelope to target the
vector to delivery the target gene to melanoma cells. Where
targeted delivery 1s desired, as, for example, when differen-
tiated cells are the desired objects for genetic alteration,
retroviral vectors fused to antibody fragments directed to the
specific markers expressed by each cell lineage differenti-
ated from the MASCs of the present invention can be used
to target delivery to those cells.

Lentiviral vectors are also used to genetically alter cells of
the invention. Many such vectors have been described in the
literature and are known to those of skill 1n the art. Salmons,
B. and Gunzburg, W. H., “Targeting of Retroviral Vectors for
Gene Therapy,” Hum. Gene Therapy (1993) 4. 129-141.
These vectors have been eflective for genetically altering
human hematopoietic stem cells (Sutton, R., et al., J. Virol.
(1998) 72: 3781-3788). Packaging cell lines have been
described for lentivirus vectors (see Kairi, T., et al., J. Virol.
(1999) 73: 576-384; Dull, T, et al., J. Virol. (1998) 72:
8463-84771).

Recombinant herpes viruses, such as herpes simplex virus
type I (HSV-1) have been used successiully to target DNA
delivery to cells expressing the erythropoietin receptor (La-
querre, S., et al., J. Virol. (1998) 72: 9683-9697). These
vectors can also be used to genetically alter the cells of the
present invention, which the inventors have demonstrated to
be stably transduced by a viral vector.

Adenoviral vectors have high transduction efliciency, can
incorporate DNA 1nserts up to 8 Kb, and can infect both
replicating and differentiated cells. A number of adenoviral
vectors have been described 1n the literature and are known
to those of skill 1n the art (see, for example, Davidson, B. L.,
ct al., Nature Genetics (1993) 3: 219-223; Wagner, E., et al.,
Proc. Natl. Acad. Sci. USA (1992)89: 6099-6103). Methods
for inserting target DNA into an adenovirus vector are
known to those of skill in the art of gene therapy, as are
methods for using recombinant adenoviral vectors to intro-
duce target DNA 1nto specific cell types (see Wold, W.,
Adenovirus Methods and Protocols, Humana Methods 1n
Molecular Medicine (1998), Blackwell Science, Ltd.). Bind-
ing aflinity for certain cell types has been demonstrated by
modification of the viral vector fiber sequence. Adenovirus
vector systems have been described which permit regulated
protein expression in gene transier (Molin, M., et al., J.
Virol. (1998) 72: 8358-8361). A system has also been
described for propagating adenoviral vectors with geneti-
cally modified receptor specificities to provide transduc-
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tional targeting to specific cell types (Douglas, J., et al.,
Nature Biotech. (1999) 17:470-475). Recently described
ovine adenovirus vectors even address the potential for
interference with successiul gene transfer by preexisting
humoral immunity (Hoifmann, C., et al., J. Virol. (1999) 73:
6930-6936).

Adenovirus vectors are also available which provide
targeted gene transfer and stable gene expression using
molecular conjugate vectors, constructed by condensing
plasmid DNA containing the target gene with polylysine,
with the polylysine linked to a replication-incompetent
adenovirus. (Schwarzenberger, P., et al., J. Virol. (1997) 71:
8563-8571.)

Alphavirus vectors, particularly the Sindbis virus vectors,
are also available for transducing the cells of the present
invention. These vectors are commercially available (Invit-
rogen, Carlsbad, Calif.) and have been described 1n, for
example, U.S. Pat. No. 5,843,723, as well as by Xiong, C.,
et al., Science (1989) 243: 1188-1191; Bredenbeek, P. 1., et
al., J. Virol. (1993) 67. 6439-6446; and Frolov, 1., et al.,
Proc. Natl. Acad. Sci. USA (1996) 93: 11371-11377.

The inventors have shown that MASC possess good
transduction potential using the eGFP-MND lentiviral vec-
tor described by Robbins, et al. (J. Virol. (1997) 71(12):
9466-94'74) and eGFP-MGF vector. Using this method,
30-50% of MASC can be transduced after a short exposure
of 4.6 hours to an enhanced green fluorescent protein (eGFP)
vector containing supernatants made 1 PA3-17 packaging

cells (an amphotropic packaging cell line derived from NIH
3T3 fibroblasts and described by Miller, A. D., and C.

Buttimore 1n Mol. Cell. Biol. (1986) 6: 2895-2902), com-
bined with protamine (8 mg/ml). Expression of eGFP per-
sists throughout the culture of undifferentiated MASC. In
addition, transfection using lipofectamine has been success-
tully used to introduce transgenes in MAPCs.

Successiul transfection or transduction of target cells can
be demonstrated using genetic markers, 1n a technique that
1s known to those of skill in the art. The green fluorescent
protein of Aequorea victoria, for example, has been shown
to be an eflective marker for identifying and tracking geneti-
cally modified hematopoietic cells (Persons, D., et al.,
Nature Medicine (1998) 4:1201-1205). Alternative select-
able markers include the (3-Gal gene, the truncated nerve
growth factor receptor, drug selectable markers (including
but not limited to NEO, MTX, hygromycin)

1’7. MASCs Are Useful For Tissue Repair: The stem cells
of the present invention can also be used for tissue repair.
The inventors have demonstrated that MASCs of the present
invention differentiate to form a number of cell types,
including fibroblasts, osteoblasts, chondrocytes, adipocytes,
skeletal muscle, endothelium, stromal cells, smooth muscle,
cardiac muscle, and hemopoietic cells. For example,
MASCs 1nduced to differentiate into osteoblasts, by the
method previously described herein, can be implanted into
bone to enhance the repair process, to reinforce weakened
bone, or to resurtace joints. MASCs induced to differentiate
into chondrocytes, by the method previously described, can
be 1njected 1nto joints to resurface joint cartilage. Caplan, et
al. (U.S. Pat. No. 3,855,619) describe a biomatrix implant
including a contracted gel matrix into which mesenchymal
stem cells have been incorporated. The implant 1s designed
for repair of a tissue defect, especially for injury to tendon,
ligament, meniscus, or muscle. Cartilage, for example, can
be formed by the addition of chondrocytes 1n the immediate
area around a porous, 3-dimensional scaflold made, for
example, of collagen, synthetic polyglycolic acid fibers, or
synthetic polylactic fibers. The mventors have shown that
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MASCs of the present invention differentiate to form chon-
drocytes, for example, which can be deposited 1n and around
a collagen, synthetic polyglycolic, or synthetic polylactic or
other scaflold matenal to provide an implant to facilitate
tissue repair.

Matrices are also used to deliver cells of the present
invention to specific anatomic sites, where particular growth
factors incorporated into the matrix, or encoded on plasmids
incorporated into the matrix for uptake by the cells, can be
used to direct the growth of the mnitial cell population. DNA
can be incorporated within pores of the matrix, for example,
during the foaming process used in the formation of certain
polymer matrices. As the polymer used in the foaming
process expands, 1t entraps the DNA within the pores,
allowing controlled and sustained release of plasmid DNA.
Such a method of matrix preparation 1s described by Shea,
et al., 1n Nature Biotechnology (1999) 17: 551-534.

Plasmid DNA encoding cytokines, growth factors, or
hormones can be trapped within a polymer gene-activated
matrix carrier, as described by Bonadio, 1., et al., Nature
Medicine (1999) 3: 753-759. The biodegradable polymer 1s
then implanted near a broken bone, for example, where
MASCs are implanted and take up the DNA, which causes
the MASCs to produce a high local concentration of the
cytokine, growth factor, or hormone, accelerating healing of
the damaged tissue.

Cells provided by the present invention, or MASCs 1s0-
lated by the method of the present invention, can be used to
produce tissues or organs for transplantation. Oberpenning,
et al. (Nature Biotechnology (1999) 17: 149-135) reported
the formation of a working bladder by culturing muscle cells
from the exterior canine bladder and lining cells from the
interior of the canine bladder, preparing sheets of tissue from
these cultures, and coating a small polymer sphere with
muscle cells on the outside and lining cells on the inside. The
sphere was then inserted 1nto a dog’s urinary system, where
it began to function as a bladder. Nicklason, et al., Science
(1999) 284: 489-493, reported the production of lengths of
vascular graft material from cultured smooth muscle and
endothelial cells. Other methods for forming tissue layers
from cultured cells are known to those of skill 1n the art (see,
for example, Vacanty, et al., U.S. Pat. No. 5,855,610). These
methods can be especially eflective when used in combina-
tion with cells of the present invention, which have a broader
range of differentiation than any previously-described non-
embryonic stem cells.

MASC:s of the present invention can be used to repopulate
heart muscle cells by either direct injection 1nto the area of
tissue damage or by systemic injection, allowing the cells to
home to the cardiac tissues. This method can be particularly
cllective if combined with angiogenesis. Both the methods
of mjection and methods for promoting angiogenesis are
known to those of skill in the art. The MASCs of the present
invention provide a broader differentiation range to provide
a more varied source of cells for cardiac or other tissue
repair utilizing these technmiques.

MASCs of the present invention are also usetful, for
example, for the purpose of repopulating the bone marrow
alter high dose chemotherapy. Prior to chemotherapy, a bone
marrow aspirate 1s obtained from the patient. Stem cells are
isolated by the method of the present invention, and are
grown 1n culture and induced to differentiate. A mixture of
differentiated and undiflerentiated cells 1s then reintroduced
into the patient’s bone marrow space. Clinical trials are
currently underway using hematopoietic stem cells for this
purpose. The MASCs of the present mmvention, however,
provide the additional benefit of further differentiation to
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form cells that can replace those damaged by chemotherapy
in other tissues as well as 1n bone marrow.

Alternately, the method described by Lawman, et al. (WO
08/42838) can be used to change the histocompatibility
antigen ol stem cells from an allogeneic donor or donors.
Using this method, panels of available bone marrow trans-
plants can be generated for preparation of frozen stocks,
storage, and administration to patients who are unable, as 1n
leukemia patients, for example, to provide their own bone
marrow for reconstitution.

Re-population of a patient’s immune system cells or
blood cells can be accomplished, for example, by 1solating
autologous stem cells from the patient, culturing those cells
to expand the population, then reintroducing the cells mto
the patient. This method can be particularly eflective where
the immune system or bone marrow cells must be depleted
by radiation and/or chemotherapy for therapeutic purposes,
such as in the case, for example, of patients diagnosed with
multiple myeloma, non-Hodgkins lymphoma, autoimmune
disease, or solid tumor cancers.

For the treatment of leukemias, autoimmune disease, or
genetic diseases such as sickle cell anemia or thalassemia,
re-population of the patient’s blood or immune system cells
with allogeneic cells of the present invention, or 1solated by
the method of the present mvention, can be performed,
particularly when the histocompatibility antigen has been
altered 1n the manner described by Lawman, et al. (WO
08/42838).

For the purposes described herein, either autologous or
allogeneic MASCs of the present invention can be admin-
1stered to a patient, either 1n differentiated or undifferentiated
form, genetically altered or unaltered, by direct injection to
a tissue site, systemically, on or around the surface of an
acceptable matrix, or 1n combination with a pharmaceuti-
cally acceptable carrier.

19. MASCs Provide a Model System for Studying Dii-
ferentiation Pathways: Cells of the present invention are
usetul for further research into developmental processes, as
well. Ruley, et al. (WO 98/40468), for example, have
described vectors and methods for mnhibiting expression of
specific genes, as well as obtaiming the DNA sequences of
those 1nhibited genes. Cells of the present invention can be
treated with the vectors such as those described by Ruley,
which inhibit the expression of genes that can be i1dentified
by DNA sequence analysis. The cells can then be induced to
differentiate and the eflects of the altered genotype/pheno-
type can be characterized.

Hahn, et al. (Nature (1999) 400: 464-468) demonstrated,
for example, that normal human epithelial fibroblast cells
can be mduced to undergo tumorigenic conversion when a
combination of genes, previously correlated with cancer,
were 1mtroduced ito the cells.

Control of gene expression using vectors containing
inducible expression elements provides a method for study-
ing the eflects of certain gene products upon cell differen-
tiation. Inducible expression systems are known to those of
skill 1in the art. One such system 1s the ecdysone-inducible
system described by No, D., et al. Proc. Natl. Acad. Sci. USA
(1996) 93: 3346-3351.

MASCs can be used to study the eflects of specific genetic
alterations, toxic substances, chemotherapeutic agents, or
other agents on the developmental pathways. Tissue culture
techniques known to those of skill in the art allow mass
culture of hundreds of thousands of cell samples from
different individuals, providing an opportunity to perform
rapid screening of compounds suspected to be, for example,
teratogenic or mutagenic.
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For studying developmental pathways, MASCs can be
treated with specific growth factors, cytokines, or other
agents, including suspected teratogenic chemicals. MASCs
can also be genetically modified using methods and vectors
previously described. Furthermore, MASCs can be altered
using antisense technology or treatment with proteins intro-
duced mto the cell to alter expression of native gene
sequences. Signal peptide sequences, for example, can be
used to mtroduce desired peptides or polypeptides into the
cells. A particularly effective technique for introducing poly-
peptides and proteins into the cell has been described by
Rojas, et al., in Nature Biotechnology (1998) 16:370-375.
This method produces a polypeptide or protein product that
can be introduced into the culture media and translocated
across the cell membrane to the interior of the cell. Any
number of proteins can be used 1n this manner to determine
the effect ofthe target protein upon the differentiation of the
cell. Alternately, the technique described by Phelan et al.
(Nature Biotech. (1998) 16:440-443) can be used to link the

herpes virus protein VP22 to a functional protein for import
into the cell.

Cells of the present invention can also be genetically
engineered, by the introduction of foreign DNA or by
silencing or excising genomic DNA, to produce differenti-
ated cells with a defective phenotype 1 order to test the
ellectiveness of potential chemotherapeutic agents or gene

therapy vectors.
20. MASCss Provide a Variety of Differentiated and Undii-

ferentiated Cultured Cell Types for High-Throughput
Screening: MASCs of the present invention can be cultured
in, for example, 96-well or other multi-well culture plates to
provide a system for high-throughput screening of, for
example, target cytokines, chemokines, growth factors, or
pharmaceutical compositions 1n pharmacogenomics or phar-
macogenetics. The MASCs of the present invention provide
a unique system in which cells can be diflerentiated to form
specific cell lineages from the same individual. Unlike most
primary cultures, these cells can be maintained 1n culture
and can be studied over time. Multiple cultures of cells from
the same individual and from different individuals can be
treated with the factor of interest to determine whether
differences exist 1n the effect of the cellular factor on certain
types of differentiated cells with the same genetic makeup or
on similar types of cells from genetically different individu-
als. Cytokines, chemokines, pharmaceutical compositions
and growth factors, for example, can therefore be screened
in a timely and cost-eflective manner to more clearly elu-
cidate their effects. Cells 1solated from a large population of
individuals and characterized 1n terms of presence or
absence of genetic polymorphisms, particularly single
nucleotide polymorphisms, can be stored in cell culture
banks for use 1 a variety of screening techniques. For
example, multipotent adult stem cells from a statistically
significant population of individuals, which can be deter-
mined according to methods known to those of skill in the
art, provide an 1deal system for high-throughput screening to
identily polymorphisms associated with increased positive
or negative response to a range of substances such as, for
example, pharmaceutical compositions, vaccine prepara-
tions, cytotoxic chemicals, mutagens, cytokines, chemok-
ines, growth factors, hormones, inhibitory compounds, che-
motherapeutic agents, and a host of other compounds or
factors. Information obtained from such studies has broad
implication for the treatment of infectious disease, cancer,
and a number of metabolic diseases.

In the method of using MASCs to characterize cellular
responses to biologic or pharmacologic agents, or combina-
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torial libraries of such agents, MASCs are 1solated from a
statistically significant population of individuals, culture
expanded, and contacted with one or more biologic or
pharmacologic agents. MASCs can be mduced to difieren-
tiate, where differentiated cells are the desired target for a
certain biologic or pharmacologic agent, either prior to or
alter culture expansion. By comparing the one or more
cellular responses of the MASC cultures from individuals 1n
the statistically significant population, the eflects of the
biologic or pharmacologic agent can be determined Alter-
nately, genetically 1dentical MASCs, or cells differentiated
therefrom, can be used to screen separate compounds, such
as compounds of a combinatorial library. Gene expression
systems for use 1n combination with cell-based high-
throughput screening have been described (see Jayawick-
reme, C. and Kost, 1., Curr. Opin. Biotechnol. (1997) 8:
629-634). A high volume screening technique used to 1den-
tify ihibitors of endothelial cell activation has been
described by Rice, et al., which utilizes a cell culture system
for primary human umbilical vein endothelial cells. (Rice, et
al., Anal. Biochem. (1996) 241: 254-239.) The cells of the
present 1nvention provide a variety of cell types, both
terminally differentiated and undifferentiated, for high-
throughput screening techniques used to 1dentity a multitude
of target biologic or pharmacologic agents. Most important,
the cells of the present invention provide a source of cultured
cells from a variety of genetically diverse individuals who
may respond differently to biologic and pharmacologic
agents.

MASCs can be provided as frozen stocks, alone or in
combination with prepackaged medium and supplements for
their culture, and can be additionally provided in combina-
tion with separately packaged eflective concentrations of
approprate factors to induce differentiation to specific cell
types. Alternately, MASCs can be provided as frozen stocks,
prepared by methods known to those of skill in the art,
containing cells mduced to differentiate by the methods
described hereinabove.

21. MASCs and Genetic Profiling: Genetic variation can
have indirect and direct effects on disease susceptibility. In
a direct case, even a single nucleotide change, resulting 1n a
single nucleotide polymorphism (SNP), can alter the amino
acid sequence of a protein and directly contribute to disease
or disease susceptibility. Functional alteration in the result-
ing protein can often be detected 1n vitro. For example,
certain APO-lipoprotein E genotypes have been associated
with onset and progression of Alzheimer’s disease 1n some
individuals.

DNA sequence anomalies can be detected by dynamic-
allele specific hybridization, DNA chip technologies, and
other techmiques known to those of skill 1n the art. Protein
coding regions have been estimated to represent only about
3% of the human genome, and it has been estimated that
there are perhaps 200,000 to 400,000 common SNPs located
in coding regions.

Previous investigational designs using SNP-associated
genetic analysis have mnvolved obtaining samples for genetic
analysis from a large number of individuals for whom
phenotypic characterization can be performed. Unifortu-
nately, genetic correlations obtained in this manner are
limited to identification of specific polymorphisms associ-
ated with readily 1dentifiable phenotypes, and do not provide
turther information into the underlying cause of the disease.

MASCs of the present mvention provide the necessary
clement to bridge the gap between identification of a genetic
clement associated with a disease and the ultimate pheno-
typic expression noted 1n a person sullering from the dis-
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case. Brietly, MASCs are 1solated from a statistically sig-
nificant population of individuals from whom phenotypic
data can be obtained (see Collins, et al., Genome Research
(1998) 8: 1229-1231). These MASC samples are then cul-
tured expanded and subcultures of the cells are stored as
frozen stocks, which can be used to provide cultures for
subsequent developmental studies. From the expanded
population of cells, multiple genetic analyses can be per-
formed to identily genetic polymorphisms. For example,
single nucleotide polymorphisms can be identified 1n a large
sample population 1n a relatively short period of time using
current techniques, such as DNA chip technology, known to
those of skill in the art (Wang, D., et al., Science (1998) 280:
1077-1082; Chee, M., et al., Science (1996) 274: 610-614;
Cargill, M., et al., Nature Genetics (1999) 22:231-238,;
Gilles, P., et al., Nature Biotechnology (1999) 17: 365-3770;
Zhao, L. P, etal., Am. J. Human Genet. (1998) 63: 225-240).
Techniques for SNP analysis have also been described by
Syvanen (Syvanen, A., Hum. Mut. (1999) 13: 1-10), Xiong
(Xiong, M. and L. Jin, Am. J. Hum. Genet. (1999) 64:
629-640), Gu (Gu, Z., et al., Human Mutation (1998) 12:
221-225), Collins (Collins, F., et al., Science (1997) 278:
1580-1581), Howell (Howell, W., et al., Nature Biotechnol-
ogy (1999) 17: 87-88), Buetow (Buetow, K., et al., Nature
(Genetics (1999) 21: 323-3235), and Hoogendoom (Hoogen-
doom, B., et al., Hum. Genet. (1999) 104: 89-93).

When certain polymorphisms are associated with a par-
ticular disease phenotype, cells from individuals i1dentified
as carriers of the polymorphism can be studied for devel-
opmental anomalies, using cells from non-carriers as a
control. MASC:s of the present invention provide an experi-
mental system for studying developmental anomalies asso-
ciated with particular genetic disease presentations, particu-
larly, since they can be induced to diflerentiate, using certain
methods described herein and certain other methods known
to those of skill in the art, to form particular cell types. For
example, where a specific SNP 1s associated with a neuro-
degenerative disorder, both undifferentiated MASCs and
MASCs differentiated to form neuronal precursors, glial
cells, or other cells of neural origin, can be used to charac-
terize the cellular eflects of the polymorphism. Cells exhib-
iting certain polymorphisms can be followed during the
differentiation process to i1dentify genetic elements which
allect drug sensitivity, chemokine and cytokine response,
response to growth factors, hormones, and inhibitors, as well
as responses to changes in receptor expression and/or func-
tion. This information can be invaluable 1n designing treat-
ment methodologies for diseases ol genetic origin or for
which there 1s a genetic predisposition.

In the present method of using MASCs to identily genetic
polymorphisms associated with physiologic abnormalities,
MASCs are 1solated from a statistically significant popula-
tion of individuals from whom phenotypic data can be
obtained (a statistically significant population being defined
by those of skill in the art as a population size suflicient to
include members with at least one genetic polymorphism)
and culture expanded to establish MASC cultures. DNA
from the cultured cells 1s then used to identily genetic
polymorphisms 1n the cultured MASCs from the population,
and the cells are induced to diflerentiate. Aberrant metabolic
processes associated with particular genetic polymorphisms
are 1dentified and characterized by comparing the difleren-
tiation patterns exhibited by MASCs having a normal geno-
type with differentiation patterns exhibited by MASCs hav-
ing an 1dentified genetic polymorphism or response to
putative drugs.
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22. MACSs Provide Safer Vaccine Delivery: MASCs
cells of the present invention can also be used as antigen-
presenting cells when genetically altered to produce an
antigenic protein. Using multiple altered autologous or
allogeneic progenitor cells, for example, and providing the
progenitor cells of the present mnvention in combination with
plasmids embedded 1n a biodegradal be matrix for extended
release to transiect the accompanying cells, an immune
response can be elicited to one or multiple antigens, poten-
tially improving the ultimate effect of the immune response
by sequential release of antigen-presenting cells. It 1s known
in the art that multiple administrations of some antigens over
an extended period of time produce a heightened 1mmune
response upon ultimate antigenic challenge. Alternately,
MACSs can be used as antigen-presenting cells, in the
method of Zhang, et al. (Nature Biotechnology (1998)
1:1045-1049), to induce T-cell tolerance to specific antigen.

Many current vaccine preparations incorporate added
chemicals and other substances, such as antibiotics (to
prevent the growth of bacteria 1n vaccine cultures), alumi-
num (adjuvant), formaldehyde (to mactivate bacterial prod-
ucts for toxoid vaccines), monosodium glutamate (stabi-
lizer), egg protein (component of vaccines prepared using
embryonated chicken eggs), sulfites (stabilizer), and thime-
rosol (a preservative). Partly due to these added components,
there 1s currently a broad-based public concern over the
safety ol vaccine preparations Thimerosol, for example,
contains mercury and 1s made from a combination of ethyl
mercuric chloride, thiosalicylic acid, sodium hydroxide and
cthanol. Furthermore, some studies, although inconclusive,
have suggested a possible link between some vaccine com-
ponents and potential complications such as those diseases
commonly associated with autoirmmunity. Thus, more elflec-
tive vaccine therapies are needed and public cooperation
with vaccine 1mmtiatives will be easier to promote 11 there 1s
a greater degree of comiort with the method of vaccination.

MASCs of the present invention can be differentiated to
form dendritic cells, which present antigen to T cells and
thereby activate them to respond against foreign organisms.
These dendritic cells can be genetically altered to express
foreign antigens, using techniques previously described. A
particular advantage of this method of vaccine delivery lies
in the fact that more than one antigen can be presented by a
single genetically altered cell.

Differentiated or undifferentiated MASC vaccine vectors
of heterologous origin provide the added advantage of
stimulating the immune system through foreign cell-surface
markers. Vaccine design experiments have shown that
stimulation of the immune response using multiple antigens
can elicit a heightened immune response to certain indi-
vidual antigens within the vaccine preparation.

Immunologically effective antigens have been identified
for hepatitis A, hepatitis B, varicella (chickenpox), polio,
diphtheria, pertussis, tetanus, Lyme disease, measles,
mumps, rubella, Haemophilus influenzae type B (Hib),
BCG, Japanese encephalitis, yellow fever, and rotavirus, for
example.

The method for inducing an 1mmune response to an
infectious agent 1n a human subject using MASCs of the
present mvention can be performed by expanding a clonal
population of multipotent adult stem cells 1n culture, geneti-
cally altering the expanded cells to express one or more
pre-selected antigenic molecules to elicit a protective
immune response against an mfectious agent, and introduc-
ing 1nto the subject an amount of genetically altered cells
cellective to induce the immune response. Methods for
administering genetically altered cells are known to those of
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skill 1n the art. An amount of genetically altered cells
ellective to induce an immune response 1s an amount of cells
which produces suflicient expression of the desired antigen
to produce a measurable antibody response, as determined
by methods known to those of skill in the art. Preferably, the
antibody response 1s a protective antibody response that can
be detected by resistance to disease upon challenge with the

appropriate infectious agent.
23. MASCs and Cancer Therapy: MASCs of the present

invention provide a novel vehicle for cancer therapies. For
example, MASCs can be induced to differentiate to form
endothelial cells or precursors which will home to endothe-
l1al tissues when delivered either locally or systemically. The
cells participate in formation of blood vessels to supply
newly-formed tumors (angiogenesis), and divide and pro-
liferate 1n the endothelial tissue accordingly. By genetically
engineering these cells to undergo apoptosis upon stimula-
tion with an externally-delivered element, the newly-formed
blood vessels can be disrupted and blood flow to the tumor
can be eliminated. An example of an externally-delivered
clement would be the antibiotic tetracycline, where the cells
have been transifected or transduced with a gene which
promotes apoptosis, such as Caspase or BAD, under the
control of a tetracycline response element. Tetracycline
responsive elements have been described in the literature
(Gossen, M. & Bujard, H., Proc. Natl. Acad. Sci. USA
(1992) 89: 53477-5551), provide 1n vivo transgene expression
control 1n endothelial cells (Sarao, R. & Dumont, D., Trans-

genic Res. (1998) 7: 421-4277), and are commercially avail-
able (CLONETECH Laboratories, Palo Alto, Calif.).

Alternately, undifferentiated MASCs or MASCs differen-
tiated to form tissue-specific cell linecages can be genetically
altered to produce a product, for export into the extracellular
environment, which 1s toxic to tumor cells or which disrupts
angiogenesis (such as pigment epithelium-derived factor
(PEDF), described by Dawson, et al., Science (1999) 285:
245-248). For example, Koivunen, et al., describe cyclic
peptides contaiming an amino acid sequence which selec-
tively ihibits MMP-2 and MMP-9 (matrix metalloprotein-
ases associated with tumorigenesis), preventing tumor
growth and invasion 1n animal models and specifically
targeting angiogenic blood vessels 1 vivo (Kowunen E.
Nat. Biotech. (1999) 17: 768-774). Where 1t 1s desired that
cells be delivered to the tumor site, produce a tumor-
inhibitory product, and then be destroyed, cells can be
turther genetically altered to incorporate an apoptosis-pro-
moting protein under the control of an inducible promoter.

MASCs also provide a vector for delivery of cancer
vaccines, since they can be 1solated from the patient, cul-
tured ex vivo, genetically altered ex vivo to express the
appropriate antigens, particularly in combination with recep-
tors associated with increased immune response to antigen,
and remtroduced into the subject to mvoke an 1immune
response to the protein expressed on tumor cells.

24. Kits Contaming MASCs or MASC Isolation and
Culture Components: MASCs of the present invention can
be provided in kats, with appropriate packaging material. For
example, MASCs can be provided as frozen stocks, accom-
panied by separately packaged appropriate factors and
media, as previously described herein, for culture in the
undifferentiated state. Additionally, separately packaged fac-
tors for induction of differentiation, as previously described,
can also be provided.

Kits containing eflective amounts of appropriate factors
for 1solation and culture of a patient’s stem cells are also
provided by the present invention. Upon obtaining a bone
marrow aspirate from the patient, the clinical technician only
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need select the stem cells, using the method described
herein, with the anti-CD45 and anti-glycophorin A provided
in the kiat, then culture the cells as described by the method
of the present invention, using culture medium supplied as
a kit component. The composition of the basic culture
medium has been previously described herein.

One aspect of the mnvention 1s the preparation of a kit for
1solation of MASCs from a human subject in a clinical
setting. Using kit components packaged together, MASCs
can be 1solated from a simple bone marrow aspirate. Using
additional kit components including differentiation factors,
culture media, and nstructions for inducing differentiation
of MASCs 1n culture, a clinical technician can produce a
population of antigen-presenting cells (APCs) from the
patient’s own bone marrow sample. Additional materials in
the kit can provide vectors for delivery of polynucleotides
encoding appropriate antigens for expression and presenta-
tion by the differentiated APCs. Plasmids, for example, can
be supplied which contain the genetic sequence of, for
example, the hepatitis B surface antigen or the protective
antigens ol hepatitis A, adenovirus, Plasmodium falciparum,
or other infectious organisms. These plasmids can be intro-
duced 1nto the cultured APCs using, for example, calcium
phosphate transiection materials, and directions for use,
supplied with the kit. Additional matenals can be supplied
for ijection of genetically-altered APCs back into the
patient, providing an autologous vaccine delivery system.

The invention will be further described by reference to the
following detailed examples.

EXAMPLES

Example 1

Isolation of MASCs tfrom Bone Marrow
Mononuclear Cells

Bone marrow mononuclear cells were obtained from bone
marrow aspirates from the posterior i1liac crest of >80
healthy human volunteers. Ten to 100 cubic centimeters
ofbone marrow was obtained from each subject, as shown 1n
Table 2, which indicates the approximate number of mono-
nuclear cells 1solated from each subject. Mononuclear cells
(MNC) were obtained from bone marrow by centrifugation
over a Ficoll-Paque density gradient (Sigma Chemical Co,
St Louis, Mo.). Bone marrow MNC were mcubated with
CD45 and Glycophorin A microbeads (Milteny1 Biotec,
Sunnyvale, Calif.) for 15 minutes and CD45%/Gly-A™ cells
removed by placing the sample in front of a SuperMACS
magnet. The eluted cells are 99.5% CD457/GlyA™.

As shown 1n Table 2, depletion of CD457GlyA™ cells
resulted 1n recovery of CD45~GlyA-cells which constituted
approximately 0.05 to 0.10% of the total bone marrow
mononuclear cells.

TABLE 2
Number of
Volumne mononuclear  Number of 45-/ Number of MASCs
of Bone BM cells post  GIlyA- cell post- (estimated by limiting
Marrow (cc) ficolled MACS dilution assay, LDA)
50 100 millions 100,000 50
25 80 60,000 35
25 50 14,000 10
50 100 50,000 30
10 150 75,000 30
30 100 100,000 25
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TABLE 2-continued
Number of
Volumne mononuclear Number of 45-/ Number of MASCs
of Bone BM cells post  GlyA- cell post- (estimated by limiting

Marrow (cc) ficolled MACS dilution assay, LDA)

25 80 75,000 35
100 190 78,000 25
100 150 60,000 15
100 160 160,000 85
100 317 400,000 50
100 200 150,000 70

50 160 160,000 85

50 115 150,000 70

25 60 60,000 30
100 307 315,000 100
100 216 140,000 80

50 130 150,000 40
100 362 190,000 60

50 190 150,000 40
100 200 185,000 100
100 387 300,000 170

50 100 130,000 20
150 588 735,000 300

We selected cells that do not express the common leuko-

cyte antigen, CD45, or the erythroid precursor marker,

glycophorin-A (GlyA). CD45-GlyA~ cells constitute 1/10°
marrow mononuclear cells. CD45 GlyA™ cells were plated
in wells coated with fibronectin 1n with 2% FCS, and EGF,
PDGF-BB, dexamethasone, insulin, linoleic acid, and ascor-
bic acid. After 7-21 days, small clusters of adherent cells
developed. Using limiting dilution assays, we determined
that the frequency of cells giving rise to these adherent
clusters is 1/5x10° CD45 GlyA™ cells.

When colonies appeared (about 10° cells) cells were
recovered by trypsinization and re-plated every 3-5 days at
a 1:4 dilution under the same culture conditions. Cell
densities were maintained between 2-8x10° cells/cm”. Cell

doubling time was 48-60h Immunophenotypic analysis by
FACS of cells obtamned after 10-12 cell doubling showed

that cells did not express CD31, CD34, CD36, CD38, CD45,
CD50, CD62E and CD62-P, Mucl8, cKit, Tie/Tek, and
CD44. Cells expressed no HLA-DR or HLA-class-1 and
expressed low levels of P2-microglobulin. Cells stained
highly positive with antibodies against CD10, CD13,
CD49%b, CD49e, CDw90, Flkl. The MASC phenotype
remained unchanged for >30 cell doublings (n=15). MASC
cultures with cells capable of proliferating beyond 30 cell
doublings and differentiating to all mesodermal cell-types
(see below) have been established from >85% of donors, age
2-50 years. In 10 donors, we have expanded MASC for >50
cell doublings. When cells were cultured in serum-iree
medium, also supplemented with 10 ng/mL IGF, cell dou-
bling was slower (>60h), but >40 cell doublings could be
obtained. As was seen for cells cultured with 2% FCS
without IGF, cells cultured in serum-iree medium were
HILA-class-1 and CD44 negative, and could differentiate into
all mesodermal phenotypes, as described below.

When cells were plated on collagen-type-I or laminin in
stead of fibronectin, they expressed CD44 and HLA-DR,
and could not be expanded beyond 30 cell doublings. When
EGF or PDGF were omitted cells did not proliferate and
died, while increased concentrations of these cytokines
allowed 1mitial growth of MASC but caused loss of prolii-
eration beyond 20-30 cell doublings. Addition of higher
concentrations of dexamethasone also caused loss of prolii-
eration beyond 30 cell doubling. When cells were cultured
with >2% FCS 1n the culture medium they expressed CD44,
HLA-DR and HL A-class-1. Likewise, culture at high density
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(>>8x10° cells/cm®) was associated with the acquisition of
CD44, HLA-DR and HL A-class-I and Muc-18, which 1s
similar to the phenotype described for MASC. Culture at
high density or with higher concentrations of FCS was also
associated with loss of expansion capacity, and cells did not
proliferate beyond 25-30 cell doublings.

We attempted to clone MASC by replating MASC at 1
cell/well once cultures had been established. From 3 donors,
we plated >2000 cells singly 1n FN coated 96 well plates
with the same culture medium. In no well did we detect cell
growth. Of note, when cells were deposited at 10 cells/well,
we Tound cell growth 1n approximately 4% of wells. Progeny
of 5% of these wells could be expanded to >10" cells.

Telomere length of MASC from 5 donors (age 2-50 years)
cultured for 15 cell doublings was between 11-16 kB. In 3
donors, this was 3 kB longer than telomere length of blood
lymphocytes obtained from the same donors. Telomere
length of cells from 1 donor evaluated after 15 cell dou-
blings, 30 cells doublings and 45 cell doublings remained
unchanged. Cytogenetic analysis of MASC recovered after
30 cell doublings showed a normal karyotype.

Example 2

Differentiation of MASCs

To induce osteoblast diflerentiation, serum-free medium
was supplemented with 10" M of dexamethasone, 10 mM
ascorbic acid, and 10 mM-glycerophosphate. Osteoblast
differentiation was confirmed by detection of calcium min-
eralization, alkaline phosphatase expression, and production
ol bone sialoprotein, osteopontin, osteocalcin and osteonec-
tin, which are relatively specific for bone development (see

FIG. 7).

To 1nduce diflerentiation 1nto cartilage, serum-iree
medium, as previously described, was supplemented with

100 ng/ml TGF-1 (R&D Systems, Minneapolis, Minn.).

Cells were induced to differentiate while adherent to
fibronectin, or 1 suspension culture, with both methods
producing differentiated cartilage cells. Differentiation to
form cartilage cells was confirmed by detection of collagen
type 11, as well as the glycosaminoglycan aggrecan (see FIG.
7).

To induce adipocyte differentiation, 10~" M dexametha-
sone and 100 pg/ml insulin were added to the culture
medium. Adipocyte diflerentiation was also induced by
replacing serum-iree medium with medium containing 20%
horse serum. Adipocyte differentiation was detected by
detection of LPL and aP2.

To 1induce skeletal myocyte differentiation, >80% conflu-
ent MASCs were treated with either 3 uM 5-azacytidine for
24h and then maintained in MASC medium with EGF and
PDGF-BB, expression of muscle specific proteins was seen
as early as 5 days after changing culture conditions. Two
days after induction, we detected the MyiS, Myo-D and
My16 transcription factors. After 14-18 days, Myo-D was
expressed at significantly lower levels, whereas My13 and
My16 persisted. We detected desmin and sarcomeric actin as
carly as 4 days after induction, and fast-twitch and slow-
twitch myosin at 14 days (FIG. 7). By immunohistochem-
1stry, 70-80% of cells expressed mature muscle proteins after
14 days. When we added 20% horse serum we demonstrated
fusion of myoblasts into myotubes that were multinucleated
(FI1G. 7). Of note, treatment with 5-azacytidine also induced
expression ol Gatad4 and Gata6 during the first week of
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culture, and cardiac troponin-T after 14 days. In addition,
smooth muscle actin was detected at 2 days after induction
and persisted till 14 days.

Smooth muscle cell differentiation was when we added
100 ng/mL. PDGF as the sole cytokine to contluent MASC
maintained in serum-free MASC medium for 14 days. Cells
expressed markers of smooth muscle (FIG.x). We found
presence ol myogenin from day 4 on and desmin after 6
days. Smooth muscle actin was detected from day 2 on and
smooth muscle myosin after 14 days. After 14 days, approxi-
mately 70% of cells stained positive with anti-smooth
muscle actin and myosin antibodies. We could also detect
My13 and Myi6 proteins, but not Myo-D after 2-4 days,
which persisted till day 15. (FIG. 7).

Cardiac muscle differentiation was induced by adding 100
ng/ml basic fibroblast growth factor (bFGF) to the standard
serum-iree culture media previously described herein. Cells
were confluent at onset of bFGF treatment. To induce further
development of cardiac tissues, 100 ng/ml 5-azacytidine,
100 ng/ml bFGF, and 25 ng/ml bone morphogenetic proteins
2 and 4 (BMP-2 and BMP-4) were added to the culture

medium. Cells were >80% confluent at onset of treatment to
induce cardiac tissue diflerentiation. Gata4 and Gatab were
expressed as early as day 2 and persisted till day 15.
Expression of My16 and desmin was seen after day 2 and
myogenin after day 6. Cardiac troponin-T was expressed
after day 4 and cardiac troponin-I and ANP after day 11.
These mature cardiac proteins were detected 1 >70% of
cells by immunohistochemistry on day 15. When the cul-
tures were maintained for >3 weeks, cells formed syncithia
and we saw inirequent spontaneous contractions occurring
in the cultures, which were propagated over several mm
distance. (FIG. 7) Again, we also detected My13 and my16
and smooth muscle actin after day 6.

Vascular endothelial growth factor (VEGF), at a concen-
tration of 20 ng/ml, was added to serum-iree medium minus
other growth factors to induce endothelial cell differentiation
by day 135-20 ex vivo. Endothelial cell differentiation was
confirmed by immunofluorescence staining to detect cellular
proteins and receptors associated with endothelial cell dif-

ferentiation. Results are shown 1n FIG. 7.

Hematopoietic differentiation was induced by culturing
MASC:s 1n collagen type IV coated wells with in PDGF-BB-

and EGF-containing MASC medium with 5% FCS and 100
ng/ml. SCF that was conditioned by the AFT024 feeder, a
tetal liver derived mesenchymal line that supports murine
and human repopulating stem cells ex vivo. Cells recovered
from these cultures expressed cKit, cMyb, Gata2 and
G-CSF-R but not CD34 (RT-PCR). Because hemopoiesis 1s
induced by factors that are released by embryonal visceral
endoderm, we co-cultured human MASCs with pGal”
murine EBs 1n the presence of human SCEF, Flt3-L, Tpo and
Epo. In 2 separate studies, we detected a small population of
BGal-cells that expressed human CD45

We 1nduced “stromal” differentiation by 1ncubating
MASC with IL-1a, FCS, and horse serum. To demonstrate
that these cells can support hemopoiesis, feeders were
irradiated at 2Gy and CD34™ cord blood cells plated in
contact with the feeder. After 2 weeks, progeny was replated
in methylcellulose assay to determine the number of colony
tforming cells (CFC). A 3-3-1old expansion of CFC was seen.

Confluent MASC cultures were treated with hepatocyte
growth factor (HFG) and KGF. After 14 days, cells
expressed MET (the HGF receptor), associated with hepatic
epithelial cell development, cytokeratinl8 and 19.
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Example 4

Transduction of MASCs from Adult Marrow

Once MASC cultures have been established after about
3-10 subcultures, MASCs were retrovirally transduced with
an enhanced green fluorescence protein (eGFP) containing

vector on two consecutive days. Retroviral vectors that were
used were the MFG-eGFP or MND-eGFP-SN constructs,

kindly provided by Donald Kohn, M. D., LA Childrens
Hospital, Los Angeles, Calif. Both vectors were packaged 1n
the arnphotropic cell line PA317 or the Gibon-ape leukemia
packaging cell line PG13. Retroviral supernatant was pro-
duced by incubating the producer feeder with MASCs
expansion medium for 48 hours. Supernatant was filtered
and frozen at —80° C. until use. Semiconfluent MASCs were
subcultured 1n MASCs expansion culture medium. After 24
hours media was replaced with retrovirus containing super-
natants and 8 g/mL protamine (Sigma) for 5 hours. This was
repeated 24 hours later. Two to three days after the last
transduction, eGFP cells were selected on a FACS Star Plus
Flow cytometer with a Consort computer (all from Becton
Dickinson Inc) at 10 cells/well of 96 well plates coated with
5 ng/mL FN, and 40-85% of adherent cells expressed the
¢GFP gene. Using the automatic cell deposition unit
(ACDU) on the tluorescence activated cell sorter, 10 eGFP™
cells per well of 96 well plates coated with fibronectin were
sorted. Cells were maintained 1n MASCs expansion medium
for 1-7 months. After 3-4 weeks, adherent cells had reached
confluence 1n 3-4% of the wells. The cells were again culture
expanded. Progeny of <1 well per plate could be expanded
to generate >10" cells (an additional48 cell doublings). Thus,
1/107-1/10° bone marrow cells has extensive proliferative
potential.

The clonal expanded cell populations were then divided 1n
5-10 populations. Some cells were cryopreserved unditler-
entiated, whereas other cells were induced to differentiate
into osteoblasts, chondrocytes, stromal cells, skeletal and
smooth muscle myoblasts and endothelial cells. To demon-
strate diflerentiation along a given pathway, and to confirm
tissue 1dentity, cells were either examined by immunohis-
tochemistry and/or Western blot for proteins known to be
present 1n the differentiated cell types.

Single cell sorting or ring cloning has been used to show
single cell onigin of a cell population. However, because
MASC are adherent cells it 1s possible that two rather than
a single cell are selected by FACS or by ring cloning. The
fact that integration of retroviruses 1s random was used to
prove clonal origin of all differentiated cells. Because of the
random viral integration, the host cell DNA that flanks the
retroviral LTR 1s cell specific. Upon cell division, all daugh-
ter cells can be 1dentified based on presence of the retrovirus
in the i1dentical location 1n the host cell genome.

Inverse polymerase chain reaction (PCR) was used to
amplify the host cell DNA flanking the 3 and the 5 L'TR of
the retroviral insert. Inverse PCR was done using a protocol
kindly provided to us by Jan Nolta, Ph.D., LA Children
Hospital, Los Angeles, Calif. Briefly, DNA was extracted
from undifferentiated MASC as well as from differentiated
progeny, cut with Taql (Invitrogen) the fragments ligated
and 1nverse PCR performed to obtain the sequence of the 5
flanking host cell DNA. This inverse PCR technique or
Southern blot analysis have extensively been used 1n
hematopoietic stem cell biology to demonstrate that every
differentiated lineage 1s dertved from a single cell. Once the
flanking DNA had been amplified, 200-300 bases were

sequenced and primers were designed that specifically rec-
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ognize the flanking DNA. Undifferentiated and different-
ated cells were then subjected to PCR using one primer

specific for the flanking DNA and one primer that recognizes
the 5' long terminal repeat (LTR) to amplity DNA from the
differentiated progeny. For each of the 3 samples that were
examined a single cell specific DNA sequence tlanking the
5" LTR, which was i1dentical for undifferentiated and difler-
entiated cells was 1dentified. This proves single cell origin of
all cells of “mesodermal” origin.

Using this technique, the present studies confirm that
osteoprogenitor cells exist in marrow and these cells can
differentiate 1nto osteoblasts, chondrocytes, adipocytes,
fibroblasts, and marrow stromal cells. The present inventors
also demonstrate that a single marrow derived cell can give
rise to cells from both splanchnic and visceral mesoderm.
Further, the karyotype of cells that have been cultured for
more than nine months 1s normal indicating that their
massive expansion capacity 1s due to their stem cell nature
or not because of tumor genesis or immortalization.

Example 5

Generation of Glial and Neuronal Cells from Adult
Bone Marrow Mesenchymal Stem Cells

Differentiated neurons are post-mitotic and little or no
neuronal regeneration 1s observed in vivo. Therapies for
neurodegenerative and traumatic disorders of the brain may
be significantly furthered if new, proliferating neural stem
cells (NSC) could be introduced in the defective areas of the
brain which would resume the function of the defective
tissue. It has now been discovered that MASCs selected
from post-natal bone marrow that diflerentiate to all meso-
dermal cell types can also differentiate to neurons, oligo-
dendrocytes, and astrocytes.

MASC cultures were established as described 1n example
1. Neural development was imnduced as follows. Generation
of neurons, astrocytes and oligodendrocytes was done 1n

medium consisting of neural differentiation medium. This
medium comprised the following: 10-95% DMEM-LG

(preferably about 60%), 5-90% MCDB-201 (preferably
about 40%), 1xITS, 1xLA-BSA, 107 to 107 M Dexam-
ethasone (preferably about 107°M), 107> to 10™> M ascorbic
acid 2-phosphate (preferably about 107*M) and 0.5-100
ng/mL EGF (preterably about 10 ng/mL). The medium may
also contain one or more of the following cytokines 1n order
to mduce differentiation mto certain cell types:

5-50 ng/mL bFGF (preferably about 100 ng/ml. )—astro-
cyte, oligodendrocyte, neuron (type unknown));

5-50 ng/mL FGF-9 (preferably about 10 ng/mlL )—astro-
cyte, oligodendrocyte, GABAergic and dopaminergic
neurons

5-50 ng/mL. FGF-8 (preferably about 10 ng/mlL )—dop-
aminergic, serotoninergic and GABAergic neurons, no
glial cells

5-50 ng/mL. FGF-10 (preferably about 10 ng/ml )—as-
trocytes, oligodendrocytes, not neurons

5-50 ng/mL FGF-4 (preferably about 10 ng/mlL )—astro-
cytes, oligodendrocytes but not neurons

5-50 ng/mL BDNF (pretferably about 10 ng/mlL)}—Dop-
aminergic neurons only)

5-50 ng/ml. GDNF (preferably about 10 ng/ml)—
GABAergic and dopaminergic neurons

5-50 ng/mL CNTF (preferably about 10 ng/mL) GABAer-
g1c neurons only

The choice of growth factors to induce differentiation of

MASCs 1nto neural cells was based on what 1s known 1n

10

15

20

25

30

35

40

45

50

55

60

65

50

embryonic development of the nervous system or from
studies that evaluated in vitro NSC diflerentiation. All
culture medium was serum-iree and supplemented with
EGF, which 1s a strong ectodermal inducer. FGFs play a key
role in neuronal development. When human post-natal mar-
row dernived MASCs were cultured with both 100 ng/mL
bFGF and 10 ng/ml. EGF, diflerentiation to astrocytes,
oligodendrocytes and neurons was seen. Astrocytes were
identified as glial-fibrilar-acidic-protein (GFAP) positive
cells, oligodendrocytes were 1dentified as glucocerebroside
positive (GalC) and neurons were identified as cells that
express 1 a sequential fashion NeuroD, Tubulin-111B (Tup),
synaptophysin and neurofilament 68, 160 and 200. Cells did
not express markers of GAGAergic, dopaminergic or sero-
toninergic neurons.

FGF-9, first 1solated from a glioblastoma cell line, induces
proliferation of glal cells 1n culture. FGF-9 1s found 1n vivo
in neurons of the cerebral cortex, hippocampus, substantia
nigra, motor nucle1 of the brainstem and Purkinje cell layer.
When cultured for 3 weeks with 10 ng/mL FGF-9 and EGF
MASCs generated astrocytes, oligodendrocytes and
GABAergic and dopaminergic. During CNS development,
FGF-8, expressed at the mid/hindbrain boundary and by the
rostral forebrain, 1 combination with Sonic hedgehog,
induces differentiation of dopaminergic neurons 1n midbrain
and forebrain. It was found that when MASCs were cultured
with 10 ng/mL FGF-8 and EGF for 3 weeks both dopamin-
ergic and GABAergic neurons were produced. FGF-10 1s
found 1n the brain 1n very low amounts and 1ts expression 1s
restricted to the hippocampus, thalamus, midbrain and brain-
stem where it 1s preferentially expressed in neurons but not
in glial cells. Culture of MASCs 1n 10 ng/mlL. FGF-10 and
EGF for three weeks generated astrocytes and oligodendro-
cytes, but not neurons. FGF-4 1s expressed by the notochord
and 1s required for the regionalisation of the midbrain. When
treated with 10 ng/mL FGF-4 and EGF for 3 weeks MASCs
differentiated into astrocytes and oligodendrocytes but not
neurons.

Other growth factors that are specifically expressed in the
brain and that affect neural development in-vivo and m-vitro
include brain derived neurotrophic factor (BDNF), glial
derived neurotrophic factor (GDNF) and ciliary neuro-
trophic factor (CNTF). BDNF 1s a member of the nerve
growth factor family that promotes 1n vitro diflerentiation of
NSC, human subependymal cells, and neuronal precursors
to neurons and promotes neurite outgrowth of hippocamal
stem cells 1n vivo. Consistent with the known function of
BDNF to support survival of dopaminergic neurons of the
substantia nigra, when MASCs were treated with 10 ng/ml.
BDNF and EGF exclusive diflerentiation into tyrosine
hydroxylase positive neurons was seen. GDNF 1s a member
of the TGF-superfamily. In early neurogenesis, GDNF 1is
expressed 1n the anterior neuroectoderm suggesting that 1t
may play a key role in neuronal development. GDNF
promotes survival ol motor neurons in peripheral nerve and
muscle and has neurotrophic and diflerentiation abailities. It
was found that GDNF induced MASCs to diflerentiate into
GABAergic and dopaminergic neurons. CNTFE, first 1solated
from ciliary ganglion, 1s a member of the gp130 family of
cytokines. CN'TF promotes neuronal survival early 1in devel-
opment. In embryonic rat hippocampal cultures CNTF
increased the numbers of GABAergic and cholinergic neu-
rons. In addition, 1t prevented cell death of GABAergic
neurons and promoted GABA uptake. CNTF exerted the
same GABAergic induction on MASCs as they differenti-
ated exclusively into GABAergic neurons after three weeks
of exposure to CNTF.
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Some hematopoietic cytokines have been shown to be
trophic factors of NSC, such as IL-11 and LIF, as mentioned

above. In addition, 1n vitro studies on neuronal precursor
cells have shown that SCFE, FIt3L., FPO, TPO, G-CSF, and
CSF-1 act early 1n the differentiation of neural cells whereas
IL5, IL7, IL9, and ILL11 act later in neuronal maturation.
MASCs mnduced with a combination of early acting cytok-
ines (10 ng/mL Thrombopoietin (kind gift from Amgen Inc.,
Thousand Oaks, Calif.), 10 ng/ml granulocyte colony
stimulating factor (Amgen), 3U erythropoietin (Amgen) and
10 ng/mL interleukin-3 (R&D Systems), followed by culture
for 1 month 1n a medium conditioned by the murine fetal
liver feeder layer, AFT024 (a kind gift from Dr. Thor
Lemishka, Princeton University, NJ) supplemented with 14
ng/mL fetal liver tyrosine kinase-3 ligand (a kind gift from
Immunex Inc, Seattle, Wash.) and 15 ng/mL SCF (a kind giit
from Amgen) differentiated into astrocytes, oligodendro-
cytes and neurons. Neurons generated under these condi-
tions were immature as they expressed neurofilament 68 but
not 200.

In some cultures, MASCs had been retrovirally trans-
duced with an eGFP contamning vector (described 1n
Example 4 above). Differentiated glial and neuronal cells
continued to express eGFP. This indicates that these cells
can be genetically modified without interfering with their
differentiation. Thus, undifferentiated MASCs can generate
a neural stem cell that then gives rise to astrocytes, oligo-
dendrocytes and neurons.

The ease with which MASCs can be 1solated from post-
natal marrow, ex vivo expanded and imnduced to differentiate
in vitro to glial cells or specific neuronal cell types circum-
vents one of the key problems in NSC transplantation,
namely the availability of suitable donor tissue.

The cells of the present invention can be used in cell
replacement therapy and/or gene therapy to treat or alleviate
symptoms of congenital neurodegenerative disorders or stor-
age disorders such as, for mstance, mucopolysaccharidosis,
leukodystrophies (globoid-cellleukodystrophy, Canavan dis-
case), fucosidosis, GM2 gangliosidosis, Niemann-Pick, San-
filippo syndrome, Wolman disease, and Tay Sacks. They can
also be used to treat or alleviate symptoms of acquired
neurodegenerative disorders such as Huntingtons, Parkin-
sons, Multiple Sclerosis, and Alzheimers. They can also be
used for traumatic disorders such as stroke, CNS bleeding,
and CNS trauma; for peripheral nervous system disorders
such as spinal cord imjury or syringomyelia; for retinal
disorders such as retinal detachment, macular degeneration
and other degenerative retinal disorders, and diabetic retin-
opathy.

Example 6
Hematopoietic Development

Hematopoietic Stem Cells (HSC) are mesodermal in
origin. It was long thought that HSC originate from yolk sac
mesoderm. There 1s ample evidence that primitive erythroid
cells originate 1 the yolk sac. It 1s less clear whether
definitive hemopoiesis also originates from cells 1n the yolk
sac. A series of recent studies in chick embryos, murine and
human embryos have suggested that definitive hemopoiesis
may be derived from mesodermal cells present in the
embryo proper, namely i the AGM region. In humans,
between day 22 and 35, a small population of FIkI™ cells
develops in the dorsal aorta that differentiates into CD34
endothelial or hemopoietic cells. It 1s believed that these are
the cells that colonize the fetal liver. Although cells with
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hemopoietic potential originate 1n the dorsal aorta, their
differentiation and commitment to mature hemopoietic cells
requires that they migrate to the liver where the endodermal
environment 1s conducive for hemopoietic development. In
contrast, cells that remain 1n the AGM region will not
develop mto hemopoietic cells.

Some of the clones 1n the present MASC cultures have
hemopoietic potential. MASC differentiate into endothelial
cells and form what resembles embryoid bodies. These same
cell aggregates differentiate into hemopoietic cells. The
small, suspended aggregates were trypsinized, and replated
on FN, collagen type IV or ECM. Medium consisted either
of 0.5-1000 ng/mL. PDGF-BB (preferably about 10 ng/mlL.)
and 0.5-1000 ng/ml. EGF (preterably about 10 ng/mlL.)
containing MASC medium supplemented with 35-1000
ng/mlL SCF (preferably about 20 ng/mlL) or a combination
of IL3, G-CSF, FIt3-L and SCF (2-1000 ng/mlL, preferably
about 10-20 ng/mL). Alternatively 0.5-1000 ng/mL PDGF -
BB (preferably about 10 ng/mlL) and 0.5-1000 ng/mL. EGF

(preferably about 10 ng/mL) containing MASC medium was
used with 5% FCS and 1-1000 ng/mL SCF (preferably about
100 ng/mlL) that was conditioned by AF1024 cells. Cells
recovered from either of these cultures expressed cKit,
cMyb, Gata2 and G-CSF-R (RT-PCR/immunohistochemis-
try) indicating that hemopoietic differentiation 1s achievable.

Example 7
Epithelial Development

Applicants have also been able to demonstrate epithelial
development. Briefly, a vessel was coated with 1-100 ng/mlL
fibronectin along with other ECM products such as 1-100
ng/ml laminin, collagens or IV and matrigel. The medium

used comprised the following: 10-95% DMEM-LG, 5-90%
MCDB-201, 1xITS, 1xLA-BSA, 1077-10~" M Dexametha-

sone (preferably 107), 107> to 107> M ascorbic acid 2-phos-
phate (preferably 10™%). The medium may also contain one
or more of the following cytokines

0.5-100 ng/mL EGF (preferably about 10 ng/mlL)

0.5-1000 ng/mL. PDGF-BB (preferably about 10 ng/mlL)

0.5-1000 ng/mlL. HGF (hepatocyte growth factor) (prei-

erably about 10 ng/mL)

0.5-1000 ng/mL KGF (keratinocyte growth factor) (prei-

erably about 10 ng/mL)

Some ol the cells were pancytokeratin positive, and
cytokeratin 18 and 19 positive, which would suggest that
these cells are endodermal 1n origin (1.€., hepatic epithelium,
biliary epithelium, pancreatic acinary cells, or gut epithe-
lium). Some of the cells demonstrated the presence of
H-Met, or the hepatocyte growth factor receptor, which are
specific for hepatic epithelium and renal epithelium. Other
cells demonstrated the presence of keratin, which 1s com-
patible with skin epithelium.

The cells of the present invention can be used in cell
replacement therapy and/or gene therapy to treat or alleviate
symptoms of several organ diseases. The cells could be used
to treat or alleviate congenital liver disorders, for example,
storage disorders such as mucopolysaccharidosis, leukodys-
trophies, GM2 gangliosidosis; increased bilirubin disorders,
for mstance Crigler-Najjar syndrome; ammonia disorders
such as inborn errors of the urea-cycle, for mstance Orni-
thine decarboxylase deficiency, citrullinemia, and arginino-
succinic aciduria; inborn errors of amino acids and organic
acids such as phenylketoinuria, hereditary tyrosinemia, and
Alphal-antitrypsin deficiency; and coagulation disorders
such as factor VIII and IX deficiency. The cells can also be
used to treat acquired liver disorders due to viral infections.
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The cells of the present invention can also be used 1n ex vivo
applications such as to generate an artificial liver (akin to
kidney dialysis), to produce coagulation factors and to
produce proteins or enzymes generated by liver epithelium.

The cells of the present imnvention can also be used to in
cell replacement therapy and/or gene therapy to treat or
alleviate symptoms of biliary disorders such as biliary
cirthosis and biliary atresia.

The cells of the present invention can also be used to in
cell replacement therapy and/or gene therapy to treat or
alleviate symptoms of pancreas disorders such as pancreatic
atresia, pancreas inflammation, and Alphal -antitrypsin defi-
ciency. Further, as pancreas epithelium can be made from
the cells of the present invention, and as neural cells can be
made, beta-cells can be generated. These cells can be used
for the therapy of diabetes (subcutaneous implantation or
intra-pancreas or intra-liver implantation.

Further, the cells of the present invention can also be used
to 1n cell replacement therapy and/or gene therapy to treat or
alleviate symptoms of gut epithelium disorders such as gut
atresia, inflammatory bowel disorders, bowel infarcts, and
bowel resection.

Moreover, the cells of the present invention can also be
used to 1n cell replacement therapy and/or gene therapy to
treat or alleviate symptoms of skin disorders such as alope-
cia, skin defects such as burn wounds, and albinism.

Example 8

Expressed Gene Profile of MASCS. Cartilage and
Bone

Using Clontech and Invitrogen cDNA arrays the inventors
cvaluated the expressed gene profile of human MASCs
cultured at seeding densities of 2x10°/cm” for 22 and 26 cell
doublings. In addition the inventors evaluated changes 1n
gene expression when MASCs were induced to differentiate

to cartilage and bone for 2 days.
MASCs do not express CD31, CD36, CD62E, CD62P,

CD44-H, cKit, Tie, receptors for 1L1 IL3, IL6, IL11,
G-CSE, GM-CSE, Epo, Flt3-L, or CNTF, and low levels
of HLA-class-I, CD44-E and Muc-18 mRNA.

MASCs express mRNA for the cytokines BMP1, BMP5,
VEGF, HGF, KGF, MCP1; the cytokine receptors Hid,

EGF-R, PDGF-R1a, gpl130, LIF-R, activin-R1 and -R2,
TGFR-2, BMP-R1A; the adhesion receptors CD49c,
CD49d, CD29; and CDI10.

MASCs express mRNA for h'TRT, oct-4, sox-2, sox-11,
sox-9, hoxa4, -5, -9, DIx4, MSX1, PDX]

Both cartilage and bone lost/had decreased expression
oct-4, sox-2, Hoxad, 5, 9; DIx4, PDX1, hTRT, TRF1,
cyclins, cdk’s, syndecan-4; dystroglycan integrin a2,
a3, f1, FLKI, LIF-R, RAR-a, RARy, EGF-R, PDGF-
Rla and —B, TGF-R1 and -2, BMP-R1A, BMPI and 4,
HGF, KGF, MCP1

Osteoblast differentiation was associated with acquisition
of/increase 1 expression of Hox7, hoxll, sox22,
cdki’s, syndecan-4, decorin, lumican, fibronectin, bone
staloprotein, TIMP-1, CD44, B8, 35 integrin, PTHr-P,
Leptin-R, VitD3-R, FGF-R3, FGF-R2, Estrogen-R,
wnt-7a, VEGF-C, BMP2

Cartilage differentiation was associated with acquisition
of Sox-9, FREAC, hox-11, hox7, CART]1, Notch3,

cdki’s, collagen-11, fibronectin, decorin, cartilage gly-
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coprotein, cartilage oligomeric matrix protein, MMPs
and TIMPs, N-cadherin, CD44, o1 and o6 integrin,

VitD3-R, BMP2, BMP7

Example 9

Characterization of Diflerentially Expressed Genes
in MASCs vs. Osteoblasts by Subtractive
Hybridization

The present mventors used a subtraction approach to
identify genetic differences between undiflerentiated
MASCs and committed progeny. Poly-A mRNA was
extracted from undifferentiated MASCs and cells induced to
differentiate to the osteoblast lineage for 2 days. Subtraction
and amplification of the diflerentially expressed cDNAs was
done using the PCR-Select kit from Clonetech, as per
manufacturer’s recommendation without modification.
Gene sequences expressed 1n day 2 osteoblast cultures were
analyzed, but not those m undifferentiated MASC:s.

Eighty-six differentially expressed eDNA-sequences were
sequenced. It was confirmed by Northern that the mRINAs
were indeed specifically expressed in day 2 osteoblast

progenitors and not MASCs. The sequences were compared
(using the BLAST algorithm) to the following databases:
SwissProt, GenBank protein and nucleotide collections,
ESTs, murine and human EST contigs.

Sequences were categorized by homology: 8 are tran-
scription factors, 20 are mvolved in cell metabolism; 5 1n
chromatin repair; 4 1n the apoptosis pathway; 8 1n mito-
chondrial function; 14 are adhesion receptors/ECM compo-
nents; 19 are published EST sequences with unknown
function and 8 are novel.

For 2 of the novel sequences, Q-RT-PCR was performed
on MASCs induced to diflerentiate to bone for 12 h, 24 h,

2d,4d,7dand 14 d from 3 individual donors. Genes are
expressed during the initial 2 and 4 days of diflerentiation
respectively, and down regulated afterwards.

Genes present 1n undifferentiated MASCs, but not day 2
osteoblasts, were also analyzed. Thirty differentially
expressed genes have been sequenced and 5 ofthem are EST
sequences or unknown sequences. Presence of these genes

in MASCs but not day 2 osteoblasts 1s confirmed by North-
ern blot.

Example 10
MASC Engraftment

Studies were mitiated to examine 1f MASCs engraft and
persist 1 vivo.

eGFP™ MASCS were injected intramuscularly into NOD-
SCID mice Ammals were sacrificed 4 weeks later and
muscle examined to determine if, as has been described for
human ES cells, teratomas develop. In 5/5 animals, no
teratomas were seen. eGFP positive cells were detected.
Also, eGFPT MASCS 1V were infused intrauterine in fetal
SCID mice. Animals were evaluated immediately atfter birth.
PCR analysis demonstrated presence of eGFP™ cells in heart,
lung, liver, spleen and marrow.

When MASCs are transplanted stereotaxically in the
intact brain or infarcted brain of rats, they acquire a pheno-
type compatible with neural cells, and persist for at least 6
weeks. These studies show that human MASCs can engraft
in vivo and differentiate in an organ specific fashion without
developing 1nto teratomas.
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The studies also show that MASCs are distinctly different
than embryonic stem cells or germ cells. MASCs represent

a new class of multipotent stem cells that can be derived
from multiple organs of adults and children.

Example 11

Demonstration of the Ability to Select, Expand and
Characterize MASCs from Murine Origin

MASCs can be generated from mouse marrow and can be
present 1n organs other than marrow.

1. Identification of MASCs in Mouse Marrow

The 1nvestigators selected MASCs from mouse marrow.
Marrow from C57/BL6 mice was obtained and mononuclear
cells or cells depleted of CD45 and Gly A positive cells (n=6)
plated under the same culture conditions used for human
MASCs (10 ng/mL. human PDGF-BB and EGF). When
marrow mononuclear cells were plated, we depleted CD45™
cells 14 days after mitiation of culture to remove hemopoi-
etic cells. As for human MASCs, cultures were re-seeded at
2,000 cells/cm” every 2 cell doublings.

In contrast to what we saw with human cells, when fresh
murine marrow mononuclear cells depleted on day 0 of
CD45™ cells were plated in MASCs culture, no growth was
seen. When murine marrow mononuclear cells were plated,
and cultured cells 14 days later depleted of CD45™ cells,
cells with the morphology and phenotype similar to that of
human MASCs appeared. This suggests that factors secreted
by hemopoietic cells may be needed to support initial
growth of murine MASCs. When cultured with PDGF-BB
and FFG alone, cell doubling was slow (>6 days) and
cultures could not be maintained beyond 10 cell doublings.
Addition of 10 ng/mL LIF improved cell growth and >70
cell doublings have been obtained. When cultured on lami-
nin, collagen type IV or matrigel, cell growth was seen, but
cells were CD44+ and HL A-class-I positive. As for human
cells, C57/BL6 MASCs cultured with LIF on fibronectin
coated dishes are CD44 and HL A-class-1 negative, stain
positive with SSEA-4, and express transcripts for oct-4,
LIF-R and sox-2.

MASCS derived from mouse marrow can be induced to
differentiate 1nto cardiac muscle cells, endothelium and
neuroectodermal cells using methods also used to induce
differentiation of human MASCs. Therefore, C57B16 mouse
marrow dertved MASCs are equivalent to those obtained
from human marrow.

2. MASCs are Present in Tissues Other than Marrow

The mventors examined 1 MASCs are present 1n other
organs such as liver and brain. Marrow, brain or liver
mononuclear cells from 3-day old FVB/N mice, dissociated
with collagenase and trypsin were plated 1n MASC cultures
with EGFEF, PDGF-BB and LIF on fibronectin. 14 days later,
CD457 cells were removed and cells maintained in MASCs
culture conditions as described above. Cells with morphol-
ogy similar to that of human MASC and murine MASC
derived from marrow of C357/B16 mice grew 1in cultures
initiated with marrow, brain or liver cells. Cells expressed
oct-4 mRNA.

The mventors also examined mice transgenic for an oct-4
promoter-eGFP gene. In these animals, eGFP expression 1s
seen 1n primordial germ cells as well as 1n germ cells after
birth. As MASCs express oct-4, we tested whether eGFP
positive cells could be found in marrow, brain, and liver of
these animals after birth. We sorted eGFP™ cells (1% bright-
est population) from marrow, brain and liver from 5 day-old
mice. When evaluated by fluorescence microscopy, <1% of
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sorted cells from brain and marrow were eGFP™. oct-4
mRNA could be detected by Q-RT-PCR 1n the sorted popu-

lation. Sorted cells have been plated under conditions that
support murine MASCs (fibronectin coated wells with EGF,
PDGEF, LIP). Cells survived but did not expand. When

transierred to murine embryonic fibroblasts, cell growth was
seen. When subsequently transierred to MASC cultures,
cells with morphology and phenotype similar to that of
MASC dernived using classical MASC selection and culture

methods from human marrow or marrow of C57/B16 or
FVB/N mice were obtained.

The nvention 1s described with reference to various
specific and preferred embodiments and techniques. How-
ever, it should be understood that many variations and
modifications may be made while remaining within its
scope. All referenced publications, patents and patent docu-
ments are intended to be incorporated by reference, as
though individually incorporated by reference.
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What 1s claimed 1s:

1. A method for promoting wound healing 1n a subject, the
method comprising administering 1solated expanded human
non-embryonic non-germ cells, the cells having undergone
at least 10-40 cell doublings 1n culture, wherein the cells
express telomerase and have a normal karyotype, to the
subject 1n a therapeutically effective amount and for a
suflicient time to the wound to promote the wound healing
in the subject.

2. The method of claim 1 wherein the non-embryonic,
non-germ cells further express.

3. The method of claim 1 wherein the non-embryonic,
non-germ cells can differentiate 1nto at least one cell type of
at least two of the endodermal, ectodermal, and mesodermal

embryonic lineages.
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4. The method of claim 3 wherein the non-embryonic,
non-germ cells further express.

5. The method of claim 3 wherein the non-embryonic,
non-germ cells can differentiate 1nto at least one cell type of
each of the endodermal, ectodermal, and mesodermal 5
embryonic lineages.

6. The method of claim 5 wherein the non-embryonic,
non-germ cells further express.

7. The method of any claims 1 or 2-6 wherein said cells
are derived from bone marrow. 10
8. The method of claim 1 wherein the cells are adminis-

tered by localized administration.

9. The method of claim 1 wherein the cells are adminis-
tered by systemic administration.

10. The method of claim 1 wherein the cells are admin- 15
istered 1n a matrix.

11. The method of claim 1 wherein treatment results 1n the
development of skin epithelial tissue.

12. The method of claim 1 wherein the cells are used 1n
skin graiting. 20
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